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ABSTRACT 


Geologic settings in central and eastern Montana and in a few places 
in southwestern Montana are similar to the settings in areas favorable for 
the occurrence of uranium deposits. Several areas in Montana seem 
especially favorable for the occurrence of uranium. 

The alkalic igneous rock province of central Montana is similar to the 
one of the Colorado Plateau. On the basis of this analogy, certain areas 
in Montana, where the lithology and (or) structure are considered favor- 
able for the occurrence of uranium, are suggested for prospecting. 
Seleniferous plants, similar to those that are uranium indicators on the 
Colorado Plateau, might be used as an aid in prospecting for uranium 
provided that the seleniferous shale areas are taken into account. 

Uranium deposits, similar to those in North and South Dakota, may 
be found in Cretaceous and Tertiary sandstones, lignites, and low-grade 


1 Publication authorized by the Director, U. S. Geological Survey. 
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coals of eastern Montana; also, the magnetite-bearing beds of certain 
Cretaceous sandstones may contain fossil placer deposits of radioactive 
black minerals. The occurrence of uranium in basal conglomerates, 
quartzites, and sandstones in Africa and Ontario suggests that similar 
basal sedimentary rocks in central Montana may contain uranium. 

Many of the radioactivity anomalies in Montana found from the air 
are closely associated with the Eagle sandstone; others are associated 
with Precambrian basement rocks, Upper Cretaceous and Lower Tertiary 
igneous rocks, or sedimentary rocks of Jurassic and Cretaceous age. 
Glacial cover and lack of outcrops locally may hinder prospecting for 
uranium. 


INTRODUCTION 


THE intensive interest in uranium and the vast amount of work that has 
been directed during the past 10 years to the discovery of new deposits has 
done much to further our understanding of the occurrence of this element. 
One outstanding result of this work has been the realization that concentra- 
tions of uranium, far from being extremely rare, are fairly widespread and 
occur in many geologic environments. The idea that an empirical analysis of 
the distribution of known deposits and the geologic environment of each may 
afford some basis for directing the search for new deposits in new areas has 
undoubtedly been used by many prospectors. The purpose of this paper is 
to apply such an empirical analysis coupled with certain general theories of 
the origin of uranium deposits to certain geologic environments in eastern and 
central Montana that might contain uranium. It is hoped that this discussion 
will serve to stimulate interest and exploration and serve as a basis for 
evaluating the potential of different parts of this large area. The prospecting 
guides given are broad and are meant to suggest potential uranium provinces 
rather than specific localities. 

Like all speculations about where to prospect and why, the reasons for so 
doing are subject to many qualifications and reservations. The “where” and 
much of the “why” are suggested empirically: 1) uranium has been found in 
eastern and central Montana; and 2) uranium has been found elsewhere in 
geologic environments similar to those in eastern and central Montana. The 
rest of the “why” is arrived at deductively by applying possible modes of 
origin for some uranium deposits. It is realized that the origin of many 
uranium deposits is an extremely controversial subject, and that any con- 
clusions deduced from a postulated mode of origin are only as good as the 
original premises. 

The ideas in this article are a product of two years’ reconnaissance for 
uranium in Idaho, Montana, Oregon, and Washington and were first written 
up in a preliminary form in the spring of 1954. Since that time extensive 
prospecting for uranium in Montana has resulted in the discovery of a few 
promising deposits. The writer wishes to acknowledge the help given him 
by his colleagues and the benefit of discussions with them: in particular, C. E. 
Erdmann for information about the stratigraphy of central Montana; F. W. 
‘ Cater for supplying many of the details about the Colorado Plateau uranium 
deposits; and S. N. Kesten for general discussions about the possibility of 
uranium deposits in eastern and central Montana. This work was done by 
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EXPLANATION 


Principal occurrences of alkalic igneous Syncline, showing trace of axial plane 
rocks in the central Montana petro- 
graphic province (6) ° 
Location of plant specimen containing 50 
3 to 500 ppm af selenium (5) 
Uraniferous lignite 
1. Long Pine Hills 2. Blue Buttes e 
3. Ekalaka Hills and lignite field Location of plant specimen containing 
more than 500 ppm of selenium (5) 
o 
Uraniferous carbonaceous sandstone 
1. Long Pine Hills Location of many plant specimens con- 
2. Ollie area taining more than 500 ppm of selenium 


(5) 
Tyuyamunite in Madison limestone and ° 
Amsden formation Occurrence of radium in fractures in 
= Flathead quartzite of Cambrian age 
Southern limit of continental glaciation 


Radioactivity anomaly in Rierdon or Saw- 
tooth formations 


Anticline, showing trace of axial plane aa 
Radioactivity anomalies observed from 


the air (dot in triangle indicates occur- 
rence in Precambrian rocks) 


Structure (10) 
Led Perry (27) 


FIGURE | — MAP SHOWING LOCATIONS OF SOME URANIUM OCCURRENCES AND 


RADIOACTIVITY ——_ IN EASTERN AND CENTRAL MONTANA 
CALE 


66 MILES 


the U. S. Geological Survey on behalf of the Division of Raw Materials of 
the U. S. Atomic Energy Commission. 


GENERAL GEOLOGY 


The Great Plains of eastern Montana are underlain by a thick blanket of 
continental and marine sedimentary rocks that in places have been folded into 
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broad, open anticlines and synclines (Fig. 1). Most of the rocks exposed at 
the surface are of Late Cretaceous or Paleocene age. In places erosional 
remnants of rocks as young as Miocene anc Pliocene are preserved (29). 

The Great Plains of central and north-cer.tral Montana are underlain by a 
similar but thinner blanket of continental and marine sedimentary rocks. 
Most of the rocks exposed at the surface are also of Late Cretaceous age and 
in general consist of formations slightly older than those exposed in eastern 
Montana. In the central and west-central part of Montana many of the 
sedimentary formations change from marine on the east to nonmarine on the 
west. This change of environment of deposition gives rise to the intertonguing 
of marine shales and nonmarine sandstones and shales, a condition well 
exemplified by the Colorado shale and the Montana group (31). Deforma- 
tion of the sedimentary rocks in central and north-central Montana has been 
somewhat more intense than in eastern Montana. Locally these rocks have 
been bent into sharp folds, as in the Big Snowy Mountains, or bowed up 
sharply, as along the Rocky Mountain front and around domal igneous moun- 
tains like the Little Rocky and Judith Mountains (11). In areas of more 
intense deformation, Paleozoic, and locally Precambrian, as well as Mesozoic 
rocks crop out. 

The igneous rocks that form the cores of the domal mountains make up 
part of the petrographic province of central Montana (19). These rocks 
are of Tertiary age and have been emplaced as laccoliths, stocks, sills, and 
dikes. In a few places, flows have been extruded. They consist of normal 
granitic types as well as a suite of alkalic rocks (Fig. 1) similar to those of 
the Colorado Plateau. The alkalic rocks include such varieties as syenites, 


quartz syenites, syenite porphyries, shonkinites (melanocratic syenite with 
alkaline affinities), and trachyte and phonolite porphyries (fine-grained 
equivalents of syenite and nepheline syenite, respectively). 


SOME TYPES OF URANIUM AND RADIOACTIVITY OCCURRENCES 


In eastern and southeastern Montana, uranium and abnormal radioac- 
tivity have been found in many different types of sedimentary rocks that 
range in age from Cambrian to Miocene. “A visible but unidentified uranium 
mineral” occurs in sandstone of the Hell Creek formation (Late Cretaceous) 
in the Long Pine Hills area (Fig. 1*) of eastern Carter County, southeastern 
Montana (38). In the same area, anomalous radioactivity has been reported 
from sandstone beds of the Ludlow member of the Fort Union formation 
(Paleocene) and from siliceous shale of the Arikaree formation (Miocene). 
In the Ollie area in easternmost Fallon County, uranium in near-ore concen- 
trations has been found in thin beds of sandstone, carbonaceous sandstone, 
and lignitic material in the Fort Union formation. In the Ekalaka lignite 
field, uranium occurs in ironstone concentrations in sandstone of the upper 
part of the Fort Union formation (Gill, J. R., written communication, 1954). 

Uraniferous lignite has been reported from the Fort Union formation in 


2 The locations of uranium occurrences, abnormal radioactivity, and radioactivity anomalies 
observed from the air in Montana and referred to below are shown on Fig. 1. 
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the Long Pine Hills, in the lower part of the same formation in the Ekalaka 
Hills (38) and in the upper part of the Sentinel Butte member at Blue Buttes 
just west of the North Dakota line (Beroni, E. P., and Bauer, H. L., written 
communication, 1952). 

The Virgelle sandstone member (Late Cretaceous), the basal member of 
the Eagle sandstone, is a coarse-grained, crossbedded, massive sandstone that 
locally contains abundant magnetite and titaniferous magnetite, and small 
amounts of zircon, monazite, and garnet. This mineral suite and the littoral 
fauna (31) of the Virgelle suggest that the concentrations of heavy minerals 
probably accumulated as beach or offshore placer deposits. C. E. Erdmann 
(written communication, 1953) found abnormal radioactivity in the Virgelle. 
Because no “radioactive blacks” (uranium-bearing multiple oxides of titanium, 
niobium, and tantalum) have been reported from the Virgelle, it is assumed 
that the radioactivity is due to thorium in the monazite. 

A strong “kick” on a gamma-ray oil well log has been reported from the 
Rierdon formation (Late Jurassic) or Sawtooth formation (Middle Jurassic) 
northwest of East Butte of the Sweetgrass Hills (Erdmann, C. E., written 
communication, 1954). 

At a few places on the crest and flanks of the Pryor Mountains, tyuyamunite 
in ore-grade concentrations has been found recently in the Madison limestone 
(Mississippian) where it is overlain disconformably (30) by the Amsden 
formation (Mississippian and Pennsylvanian) (L. D. Jarrard, oral com- 
munication, 1956). These deposits are probably in the Mission Canyon lime- 
stone of the Madison group (4, 20). The tyuyamunite fills and coats the 
walls of fractures and vugs in cherty and silicified breccia zones at or near 
the top of the Mission Canyon. By analogy with the breccias in the Mission 
Canyon in the Elkhorn Mountains, the breccia probably developed as the 
result of solution and collapse of the Mission Canyon at the time of the de- 
velopment of the disconformity between the Madison and Amsden (17). 
Some of the tyuyamunite-bearing breccia is red. The red color suggests that 
some of the breccia material may be Amsden deposited in sink holes in the 
top of the Mission Canyon. In the same area of the Pryor Mountains, 
tyuyamunite also fills and coats the walls of fractures and vugs in thin beds 
of silicified limestone near the top of the Amsden. 

Along the east front of the Beartooth uplift in south-central Montana, 
radioactivity anomalies have been reported by Stow (33) at several places in 
the Flathead quartzite (Cambrian) where it unconformably overlies Archean 
type rocks. At the Royse claim in this area radioactive material fills joint 
openings in the Flathead. Analyses by the U. S. Geological Survey show 
that the radioactivity is due to the presence of radium in the joint filling. 

Radioactivity Anomalies Observed from the Air—The U. S. Atomic 
Energy Commission has done airborne reconnaissance for radioactivity 
anomalies in parts of eastern and central Montana. On the anomaly maps 
(36) available to the writer, the Atomic Energy Commission plotted 29 posi- 
tive radioactivity anomalies, and the locations of these anomalies are shown on 
Figure 1; in two places the anomalies are so close together that they cannot 
be shown individually. The five anomalies shown on Figure 1 in south- 
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central Montana on the Beartooth uplift are in Precambrian rocks; of this 
group, the four closely spaced ones represent 14 anomalies found on the west 
side of Boulder River. The two anomalies on the west end of the Big Elk- 
Shawmut uplift represent four closely spaced anomalies on the west flank of 
the Castle Mountains. 

The westernmost anomaly on the Crazy Mountains syncline is in Upper 
Cretaceous and lower Tertiary volcanic rocks; and the anomaly in the Judith 
Mountains north of Lewiston is in Upper Cretaceous and lower Tertiary 
intrusive rocks. The anomaly northeast of the Pryor Mountains occurs in 
rocks shown as Jurassic undifferentiated on the geologic map of Montana. 
According to E. E. Jones (16) the anomaly is in shales of the Morrison 
formation (Upper Jurassic), and samples from pits dug in the shale assayed 
nil to 0.01 percent U,QO,. 

The rest of the radioactivity anomalies are in or near the Eagle sandstone, 
the basal member of the Montana group, or in the Colorado shale (both 
Upper Cretaceous). If the Virgelle sandstone member of the Eagle is 
present and contains monazite at these localities, the radioactivity anomalies 
are probably due to thorium in the monazite, but some anomalies may be 
caused by “radioactive blacks” in the Virgelle or by beds of uraniferous 
lignite in the Eagle. 

Most of the radioactivity anomalies in the sedimentary rocks are on the 
margins of structurally positive areas. This structural position may reflect 
only the fact that monazite- or uranium-bearing Virgelle sandstone or 
uraniferous lignite beds are exposed at the surface on the flanks of folds. 


SIMILAR URANIUM OCCURRENCES ELSEWHERE 


Colorado Plateau.—The thick sequence of sedimentary rocks exposed on 
the Colorado Plateau is mostly of continental origin and ranges in age from 
Pennsylvanian to late Tertiary. Tertiary rocks are restricted largely to the 
margins of the Plateau. Tertiary stocks surrounded by laccoliths and other 
intrusive bodies (13) have intruded the sedimentary rocks and form the cores 
of mountains. Soda-rich syenites and andesites are exposed in the La Sal, 
Henry, Abajo, Carrizo, and Ute Mountains. Dikes and volcanic rocks of 
the Four-Corners area are subsilicic, potash-rich varieties such as nepheline 
syenite, shonkinite, leucite basalt, and minette (a biotite-orthoclase syenitic 
lamprophyre). Similar rocks also occur in the Chuska Mountains in north- 
western New Mexico and northeastern Arizona. The sedimentary rocks 
have been tilted by monoclinal warping and around the igneous mountains 
they have been domed and locally turned up sharply by the intrusion of the 
igneous rocks. In the vicinity of the La Sal Mountains the sedimentary 
rocks have been faulted and folded into a series of anticlines. Considerable 
faulting has also taken place along the southwest edge of the Uncompahgre 
uplift and in the vicinity of the San Rafael swell (21). 

Sandstone-type uranium ore deposits on the Colorado Plateau have been 
found in rocks of Permian through Late Cretaceous age. Most of the de- 
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posits are in continental sedimentary rocks, but a few are in marine rocks. 
Sandstone is the most consistently favorable host rock, but minable deposits 
have also been found in limestone, carbonaceous shale, shale, tuffaceous sedi- 
ments, and coal. The most favorable sandstone layers are those that contain 
interlayered thin beds of mudstone (22). Organic matter in the sedimentary 
rocks was an important factor in localizing some uranium deposits. 

Although at present no clear-cut structural controls are recognized for 
most of the ore deposits, the abundance of metals around the La Sal Mountains 
shows a gross zonal pattern that is independent of the stratigraphy of the host 
rocks (38, 37). Gold and copper occur in the La Sal Mountains, uranium- 
vanadium deposits to the east and south of the mountains, and a generally non- 
uraniferous copper-rich zone between the two. At a few uranium deposits, 
structural controls are recognized: the Monument No. 2 and Rajah ore de- 
posits are related to faulting, and southeast of the La Sal Mountains some 
deposits are found on the flanks of anticlines (Cater, F. W., oral communica- 
tion, 1954). 

Two types of uranium ore occur on the plateau—black ore and yellow 
ore. The black ore, discovered only in recent years, generally is not exposed 
at the surface. It contains uraninite, pyrite, galena, sphalerite, chalcopyrite, 
selenides, and vanadium minerals (38). In the black ore, uranium and 
vanadium are present in separate minerals as low-valent ions. The yellow 
ore consists principally of carnotite with lesser amounts of tyuyamunite, 
autunite, and other secondary uranium minerals. Locally the yellow ore 
may contain a little pyrite or be slightly copper stained. Carnotite and 
tyuyamunite contain both uranium and vanadium in high-valent states, and 
these minerals are secondary after the black ore (22). 

The uranium deposits are epigenetic. Age determinations of 55 to 75 
million years, with the younger determination probably being more nearly 
correct, have been made for uraninites from some of the deposits, and these 
ages are considerably less than those of the host rocks (32). 

Northeastern Wyoming.—Sandstone-type uranium deposits have been 
found at several places in northeastern Wyoming. In the Pumpkin Buttes, 
Monument Hill, and Box Creek areas uranium deposits are in reddish sand- 
stone lenses in the Wasatch formation of Eocene age (38, 39). The uranium 
minerals are most abundant near the gradation of the reddish sandstone into 
the normal buff or gray sandstone of the Wasatch. In the Devils Tower 
area, ore-grade uranium deposits occur in sandstones in members of the 
Inyan Kara group of Early Cretaceous age. Most of the deposits are in the 
Fall River sandstone, but some have been found in the Fuson formation and 
Lakota sandstone as well. Most of the uranium deposits are in an area of 
more intense folding on a regional monocline (38). At the Carlile mine the 
ore deposit is associated with carbo:aceous material in interbedded sand- 
stones, shales, and siltstones (39). The Storm Hill deposits are less im- 
portant than several others in the Northern Hills, and the fact that they are 
on the east flank of a domal structure does not seem important to mention here. 
North and South Dakota.—In southwestern North Dakota a few miles 
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east of the Montana State line, yellow uranium minerals have been found in 
the Tongue River member of the Fort Union formation, and radioactivity 
anomalies have been reported from the sandstone and shale beds of the Golden 
Valley formation of Eocene age and the Sentinel Butte and Tongue River 
members of the Fort Union formation (38). Uraniferous opal and carnotite 
have been found in the Chadron formation of Oligocere age (39). In north- 
western South Dakota about 50 miles east of the Montana line, meta- 
tyuyamunite and meta-autunite have been found in the Ludlow and Tongue 
River members, respectively, of the Fort Union formation (38). In the 
southern Black Hills, South Dakota, sandstone-type uranium deposits occur 
in the Inyan Kara group, principally in the Fall River sandstone. Many of 
the deposits occur on structural terraces (37). 

In northwestern South Dakota, strippable deposits of lignite that contain 
uranium in sufficient concentration to be considered ore if it were in sand- 
stone-type ore (the U. S. Atomic Energy Commission is not buying uranif- 
erous lignite at present), have been found in the Tongue River and Ludlow 
members of the Fort Union formation. Uranium-bearing lignite and lignitic 
shale have been found also in southwestern North Dakota in the Fort Union 
(38, 39). The sources of the uranium in these deposits are considered to be 
the slightly radioactive tuffaceous sandstones of the Arikaree formation of 
Miocene age, and the White River and Chadron formations of Oligocene age 
(37). 

Blind River, Ontario—The similarity of the geologic environment at 
Blind River, Ontario, to that of the uranium deposits of the Rand, Africa, 
prompted thorough investigation of the slightly radioactive conglomerate at 
Blind River and led to the discovery of large uranium deposits. 

In the Blind River area, uranium deposits occur in quartz-pebble con- 
glomerates in Precambrian Mississagi quartzite, the basal member of the 
Bruce series (Early Huronian), which in this area unconformably overlies 
Archean rocks. Subsequent to the deposition of the Bruce series the area was 
uplifted. Granite of unknown age that could be younger than the Bruce 
series crops out in the Blind River area (1, 34). 

The uranium is in fine-grained uraninite and brannerite closely associated 
with fine-grained gold and pyrite disseminated in the matrix of the quartz- 
pebble conglomerate. Radioactivity is not confined to the beds at or near 
the base of the Mississagi quartzite and has been found in more than one bed 
of quartz-pebble conglomerate. Uranium content increases with depth below 
the surface probably owing to the leaching of the outcrops by dilute sulfuric 
acid formed by the weathering of pyrite (28). 


POSSIBLE URANIUM-BEARING ENVIRONMENTS 


Because of their similarity to uranium-bearing areas elsewhere, certain 
geologic environments in Montana are thought to be potentially more favorable 
for uranium prospecting than other areas in the State. 

1) Most of eastern Montana is underlain by the Fort Union formation in 
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which a few sandstone-type uranium deposits have already been found in 
Montana and nearby in North and South Dakota. More sandstone-type 
uranium deposits may be found in the Fort Union, particularly in the Tongue 
River member, and in the Hell Creek formation. The Wasatch formation, 
which crops out along the Wyoming State line about 60 miles east of the 
Pryor Mountains, may contain sandstone-type uranium deposits similar to 
those at Pumpkin Buttes, Wyoming. 

Additional occurrences of uraniferous lignite may be found in the Fort 
Union and other lignite- and coal-bearing formations such as the Hell Creek, 
Judith River, and Eagle. In a series of experiments Moore (24) showed 
that peat, lignite, and subbituminous coal removed 98 percent or more of the 
uranium from an aqueous solution. Some geologists think it likely that the 
uranium in lignites was leached by ground water from overlying tuffs or 
tuffaceous beds and that the lignites extracted the uranium from circulating 
ground water (22, 37). If this is true, then many of the lignites and low- 
rank coals of eastern Montana are potentially uraniferous because the dis- 
tribution of the erosinal remnants of the White River and Arikaree formations, 
both of which are tuffaceous, indicates that these formations once covered a 
large part of southeastern Montana. The distribution of the erosional rem- 
nants of the Flaxville gravel, which is tuffaceous locally (8), indicates that at 
one time the Flaxville also had a much wider distribution, in the northeastern 
part of the State. This fact suggests that uraniferous lignite may be found 
in the Fort Peck lignite field. 

2) The geologic environment of the petrographic province of central 
Montana is strikingly similar to that of the Colorado Plateau. In Montana a 
suite of granitic and alkalic igneous rocks, similar to that on the Plateau, 
though more potassic, intrudes sedimentary rocks of varied lithology that 
range from Precambrian to Late Cretaceous in age. Many of these sedi- 
mentary rocks are continental sandstones that contain interlayered shales and 
mudstones and abundant organic remains. 

The origin of the Colorado Plateau uranium deposits is an extremely con- 
troversial subject and is far from settled. However, if the deposits are in 
some way genetically related to the rather unusual suite of igneous rocks on 
the Plateau, as thought probable by some geologists (22), then the sedi- 
mentary rocks intruded by similar igneous rocks in Montana may contain 
sandstone-type uranium deposits. 

The Montana formations listed below are those thought most likely to 
contain sandstone-type uranium deposits. They are sandstones of continental 
or mainly of continental origin (except the Colorado shale) ; most of them 
contain interlayered shale and mudstone beds; and many of them contain 
abundant organic remains. Some of these formations are the westward con- 
tinental equivalents of formations that are marine in the eastern part of the 
State. The intertonguing of the marine and nonmarine facies produces an 
interlayering of sandstone and shale or miudstone, a feature that characterizes 
the most favorable continental sandstone layers on the Plateau (22). 
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Formation* 


Series 


Approximate 
thickness 
(feet) 


Remarks 


Fort Union 


Tullock member (basal) 
of the Fort Union 


Willow Creek 


Hell Creek 


St. Mary River 


Horsethief sandstone 


Lennep sandstone 


Judith River 


Eagle sandstone 


Two Medicine 


Colorado shale 


Kootenai 


Morrison 


Paleocene 


Paleocene 


Paleocene 


Upper Cretaceous 


Upper Cretaceous 


Upper Cretaceous 


Upper Cretaceous 


Upper Cretaceous 


Upper Cretaceous 


Upper Cretaceous 


Upper Cretaceous 


Lower Cretaceous 


Upper Jurassic 


4,000 + 


300 


720+ 


560 


250-400 


500 


200-235 


1,950 


1,500—2,000 


450-475 


Up to 450 


Lignite-bearing. Contains con- 
cretions locally 


Coal-bearing 


Perhaps correlative with Tul- 
lock 


Lignite-bearing. Swamp and 
fluviatile deposits. Part of Hell 
Creek formation formerly recog- 
nized as Lance formation. Con- 
tains volcanic matter 


Perhaps correlative with Hell 
Creek 


Believed to correlate with Len- 
nep sandstone. Contains mag- 
netite-bearing beds 


“Shallow water or fluviatile 
sandstone ... contains much 
volcanic material” (18) 


Lignite-bearing. Contains vol- 
canic ash 


Lignite-bearing. Contains can- 
non-ball concretions. Virgelle 
sandstone member at base is 
magnetite-bearing 


Correlative with Judith River, 
Clagget (marine) and Eagle 
sandstone above Virgelle 


Mostly marine with interbedded 
continental sandstones that be- 
come thicker and more numer- 
ous to the west. Contains abun- 
dant organic remains (6). In 
southern Elkhorn Mountains 
dominantly continental (Klep- 
per, M. R., oral communication, 
1955) 


Coal-bearing 


Contains coaly beds at top (15) 


* For correlations of Montana formations see Wilmarth (42), Perry (27, 26), Billings Geo- 
logical Society Guidebook (3), and Cobban and Reeside (7). 


The granites in the petrographic province of central Montana probably 


should be prospected, for they may be uranium-rich. 


In writing of the rocks 


of the Highwood and Bearpaw Mountains, E. S. Larsen, Jr. (38) states 
“the potash-rich mafic rocks are not very high in uranium, but considering 
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their mafic character they might be so considered. In such a series granites 
might have high uranium content.” 

3) The discovery of commercial uranium deposits in a formation as wide- 
spread in Montana as the Madison limestone suggests large areas favorable 
for prospecting. The first areas of Madison to prospect probably should be 
those that duplicate as nearly as possible the geologic environment of the 
deposits in the Pryor Mountains. The disconformable relations of Amsden 
to Mission Canyon in the Pryor Mountains are found in a broad area that 
extends to the west and north at least as far as the Elkhorn Mountains (17, 
26). Uranium deposits may not necessarily be restricted to the top of the 
Mission Canyon for collapse solution breccias have been found as much as 200 
feet below the top of the formation in the Elkhorn Mountains and 300 feet 
below in the Pryor Mountains (4, 17). 

The area north of Billings and at least as far west as the Big Snowy Moun- 
tains may not be as favorable an area in which to prospect the Mission Canyon 
because Upper Mississippian beds progressively intervene between the 
Armsden and Mission Canyon. The disconformity, thereby, is moved strati- 
graphically upwards until it disappears and the Amsden rests conformably on 
the Heath shale of Upper Mississippian age (30, 20). The Amsden dis- 
conformably overlying the Mission Canyon also is considered to be a likely 
host rock for uranium and should not be overlooked in any prospecting 
program. 

4) The occurrence of abnormal radioactivity in the Flathead quartzite im- 
mediately suggests the possibility of finding uranium deposits in Montana 
similar to the deposits at Blind River, Ontario, or the Rand, Africa. All such 
quartzites and conglomerates in even remotely similar geologic environments 
may well be potential host rocks for uranium deposits and probably warrant 
diligent prospecting. At several places in Montana the Neihart (Pre- 
cambrian) and Flathead quartzites rest unconformably on Archean type 
rocks, as does the Mississagi quartzite at Blind River. Davidson (9), in 
mentioning the broad geologic environments of several large uranium-bearing 
areas, noted that in each area “the old granitic [Archean type] rocks have 
undergone domal uplift since the covering blanket of sediments was deposited, 
due presumably to [the intrusion of] ‘younger’ granites which are not always 
exposed,” and he wondered “whether these similarities are more than coin- 
cidences.” At several places in central Montana the Archean type rocks 
have been domed by the intrusion of Tertiary granitic and alkalic rocks, and 
around these intrusions the Neihart and Flathead have been bowed up 
sharply. By analogy with other localities these areas of domal uplift may be 
favorable places for the occurrence of uranium deposits and the basal quartzites 
may be the logical host rocks. 

In the Little Belt Mountains (40, 41) both the Neihart and Flathead 
quartzites unconformably overlie Archean rocks and locally the Flathead has 
been intruded by the post-Cretaceous Wolf and Barker porphyries. In the 
Castle Mountains (40) the Flathead occurs near the Castle granite and 
locally has been thermally metamorphosed by it. The Castle granite is one 
of the granites associated with the alkalic petrographic province of central 
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Montana and according to Larsen (38) may be uranium-rich. Small amounts 
of silver, copper, and gold, common associates of uranium, have been mined 
from the Little Belt and Castle Mountains, and the geologic setting together 
with the presence of the mineral associates suggest that uranium deposits may 
be present. 

The Flathead also lies on Archean type rocks in the Bridger Range and 
along the north front of the Beartooth uplift south and east of Livingston (14, 
25,23). Near the Wyoming State line south of Livingston, areas of Flathead 
resting on Archean type rocks are preserved in down-dropped fault blocks. 
In the Madison and Gallatin Ranges south of Three Forks, Peale (25) has 
mapped several miles of the Archean-Flathead contact, and at one place south- 
west of Three Forks he shows a small area of Archean type rocks uncon- 
formably overlain by arkosic sandstones and conglomerates of the Belt series. 
Several less extensive areas where the Flathead quartzite rests on Archean 
type rocks are known in southwestern Montana (29). 

5) The abnormal radioactivity found in the Virgelle member and the 
radioactivity anomalies observed from the air over the Eagle sandstone or 
very close to it, point to the Virgelle as a possible source of uranium even 
though the abnormal radioactivity of one sample of Virgelle was thought to 
be due to thorium. The magnetite-bearing beds of the Horsethief sandstone 
likewise appear favorable for the occurrence of uranium. 


CONDITIONS AFFECTING PROSPECTING FOR URANIUM 


A few ideas have been presented to suggest geologic environments in 
eastern and central Montana that are thought favorable for the occurrence of 
uranium deposits. The possibility must be faced, however, that there may be 
very little uranium in the eastern and central parts of Montana. The writer 
hesitates to attribute the scarcity of known uranium occurrences to the lack 
of prospecting, but nevertheless such a lack may in part explain this scarcity. 

The thick glacial deposits that cover a large part of northern Montana 
east of the Rocky Mountains (Fig. 1) (2, 12) may also help to explain why 
so few uranium occurrences have been reported. In many places, such as 
the area of the Sweetgrass arch north of Great Falls (Fig. 1), the glacial de- 
posits almost completely blanket the other sedimentary rocks and would mask 
or greatly dilute the radioactivity anomaly of a uranium deposit in the under- 
lying rocks. In such areas windows eroded through the glacial deposits may 
afford valuable data when adequately prospected, and drill holes and drill-hole 
cuttings should be examined for abnormal radioactivity. 

Other factors that one might think would contribute to the lack of known 
uranium occurrences are leaching of surface deposits during a more humid 
climate in the past and the absence of characteristic Colorado Plateau canyon 
and mesa topography, which might have exposed favorable host rocks more 
extensively. However, leaching and absence of plateau-type dissection are 
unlikely to be large contributing factors, because a short distance south, in 
Wyoming, and southeast, in South Dakota, where the climate could never 
have been very different from that of Montana, secondary uranium minerals 
are common in a terrain no more dissected than eastern and central Montana. 
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AIDS TO PROSPECTING 


Although the distribution and abundance of selenium-concentrating plants 
have been used successfully as a guide to ore in some places on the Colorado 
Plateau (5), it may be impossible or extremely difficult to use this prospecting 
method in Montana even though seleniferous plants are abundant and wide- 
spread (Fig. 1) (35). If this method is used, the results will have to be 
interpreted with great care because a large part of the plains of Montana is 
underlain by seleniferous marine shales, such as the Pierre, Bearpaw, and 
Colorado shales, which support seleniferous vegetation but are not ordinarily 
favorable host rocks for uranium deposits. 

Radioactivity surveys of oil wells and deep seismograph shot holes may 
prove a useful tool in prospecting for uranium in the plains of Montana. 

Uranium analyses of water samples from water wells in the plains of 
Montana may also help to delimit areas for intensive prospecting. Analyses 
of surface waters have been used for uranium prospecting, but, to the writer’s 
knowledge, no attempt has yet been made to use well waters for this purpose. 


U. S. GroLtocicaL SuRvEY, 
SPOKANE, WASH., 
Oct. 23, 1956 
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THE SOLUBILITY OF SOLIDS IN GASES 
GEORGE W. MOREY 


ABSTRACT 


That gases can dissolve solids has been known since the work of 
Hannay in 1879-1881. The historical and theoretical aspects of this 
phenomenon are discussed, and the literature of the subject is summarized 
and reviewed. Some previously unpublished results from the Geophys- 
ical Laboratory on the solubility of UO2, Al,O3, NiO, Nb2O;, Ta2Os, 
BeO and GeO, at 500° C, 1,000 bars steam pressure, are included. 


HISTORICAL 


THE idea of the dissolving of a solid substance by a gas may sound para- 
doxical, but the reality of such a solubility has been demonstrated re- 
peatedly. Probably the first to call attention to this phenomenon was 
Hannay (20, 21, 22, 23), who showed that a solution of FeCl; in either 
alcohol or ether deposits some FeCl; just below its critical point, but that 
above the critical point the gas redissolves the solid. The solubility in 
alcohol (critical temperature 234.46° C) of KI, KBr and CoCl. was found 
to be uninterrupted by passage of alcohol through the critical state. At 
320° C the beautiful blue color characteristic of CoCl. solutions remained 
unimpaired, and the absorption spectrum in alcohol solution was the same 
at 300° Casat 15°C. Wood (80) found that when either iodine or bromine 
was dissolved at 300° C in sufficient gaseous CS, (critical temperature 
273° C) it gave the absorption spectra, not of gaseous iodine or bromine, 
but of solutions of these substances. Hannay also found that a metal could 
be transported through a gas. He placed mercury and either sodium or 
potassium in separate parts of a tube and introduced hydrogen at high 
pressure. The alkali metals were quickly transported through the hydrogen 
to the mercury, with formation of amalgams. 

Villard (75) showed that iodine is dissolved both by oxygen and by 
carbon dioxide, and that solutions of iodine in carbon dioxide showed the 
spectrum of dissolved iodine, not of iodine vapor. Talmadge (73) studied 
the solubility of naphthaline in ether and of naphthaline and camphor in 
acetone, methyl alcohol and ethyl alcohol by a distillation method, in all 
cases at pressures less than 1 atmosphere, and found transport values 
substantially greater than corresponded to the vapor pressure of the solid, 
with the unexplained exception of camphor in ethyl alcohol. Ingerson and 
Morey (24) discussed the nature of the ore-forming fluid, and Morey (35) 
the solubility of solids in water vapor. Booth and Bidwell (4) gave a 
valuable summary of solubility measurements in the critical region, and 
Verhoogen (74) discussed the thermodynamics of a magmatic gas phase. 
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DISCUSSION OF THEORY 


The elementary principle governing a mixture of two gases is Dalton’s 
law, which states that the pressure of a gaseous mixture is equal to the sum 
of the pressures of the individual gases existing each by itself with the same 
temperature and volume as the mixture. From this one would expect that 
the amount of a solid substance to be contained in a coexisting gas of 
different composition would be that corresponding to the vapor pressure 
of the solid, an insignificant amount in the mixtures discussed in this paper. 
When the gaseous component (assumed to be insoluble in the solid sub- 
stance) is at high pressure, the effect of that pressure is to increase the vapor 
pressure of the solid in accordance with a principle first enunciated by Gibbs 
(14; 15, pp. 154-157 and eq. 272), which has come to be known as the 
Poynting (54) effect. The proportional change in vapor pressure is equal 
to the ratio of the specific volume of the substance in question in the solid 
state to its specific volume in the gaseous state, or 


As stated by Gibbs, this quantity is in general small. As calculated below, 
for the system air—CO, at — 150° C at 200 bars it amounts to 6 percent; 
at 600° C, 1,000 bars of steam pressure about doubles the vapor pressure 
of quartz. 

The actual amount of solid material found in a compressed gas is always 
greater than that predicted from Dalton’s law, often enormously greater. 
Webster (77) found that at — 35° C the amount of H.O in air compressed 
to 200 atm. in equilibrium with ice is 3.14 times that predicted from its 
vapor pressure. Webster (78) also found impressive solubilities of solid 
CO: in compressed air. The amount of CO, in the gas at — 150° C and 
200 atm. is 1,481 times that predicted by Dalton’s law! 

The constitution of these gaseous solutions is an interesting problem 
concerning which we can only speculate. Fundamentally we know that 
the chemical potential of the material at constant temperature must be 
the same in the solid and gaseous phases: in the solid the chemical potential 
is a function of pressure only; in the gas it is a function of pressure and 
composition. But obviously the usual approximations for the change in 
chemical potential with composition are inadequate. The basic problem 
is essentially the same whether the gaseous phase is a mixture of two gases 
(2, 32), in which, in general, the equilibrium pressure of a real gas in a 
mixture may be far from equal to the product of the mole fraction and the 
total pressure; or whether the denser phase is a liquid, which exhibits a real 
solubility in a gas phase, that is, the amount of the liquid species in the gas 
is greater than would be calculated from its vapor pressure; or whether the 
denser phase is a solid. Several authors (12, 55, 56, 79) have discussed the 
problem by the methods of statistical thermodynamics. 

The many binary systems in which the solubility of a solid in a gas has 
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Fic. 1. Projections of a solid pressure-temperature-composition model for 
the case that no compounds are formed, there is no liquid immiscibility, and the 
solubility curve does not intersect the critical curve. Figure 1a is the projection 
of the solid P-7-X model on the 7-X plane. A, is the triple point of A, the curve 
A,E_, the solubility curve of solid A, ending at the binary eutectic, and Eg is the 
gas phase in equilibrium with the liquid Ez. The curve E,B, is the ordinary 
solubility curve, which ends at the triple pointof B. Figure ibis the projection of 
the solid P-T-X model on the P-T plane. The curve L4 + A gives the change 
of the melting point of A with pressure; the curve G+ La the vapor pressure 
curve of pure A, ending at its critical point A,; and the intersection of these two 
curves is the triple point of A. The curve G+ A + B goes from the eutectic E 
to lower pressures and temperatures; the curve from the triple point of A to the 
eutectic EisG+ L+ A. From the eutectic the three-phase curve G+ L+ B 
rises to a maximum, then falls to the triple point of B. From B; to lower tem- 
peratures, indicated by a broken line, is the vapor pressure curve of B; from B, 
to higher temperatures is the vapor pressure curve of liquid B, (G+ L)g, which 
ends at the critical point of B, B.. The curve A.B, is the critical curve joining 
the two critical points. 


been demonstrated may be divided into two classes,! namely: (1) those in 
which the solubility curve does not intersect the critical curve and (2) those 
in which the solubility curve intersects the critical curve. The first of 
these is represented in Figure 1, which is a projection of the three-dimen- 


1 Complications caused by the formation of compounds or by the formation of immiscible 
liquids are omitted from consideration. 
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sional pressure-temperature-composition solid model of the system A—B 
on the temperature-composition (Fig. 1a), pressure-temperature (Fig. 1b), 
and pressure-composition (Fig. 1c) faces. Figure 1b gives the pressure- 
temperature or P-T relationships. The curve (L + S)a gives the change 
in melting point of solid A with pressure, the curve (G + L) is the vapor 
pressure curve of liquid A, ending at the critical point A,., and the inter- 
section of these two curves is the triple point of A. From the triple point 
of A to lower temperatures go the curves along which crystalline A is the 
solid phase: the sublimation curve of ice, (G + S)4, which is not shown, 
and the curve G + L + A, which ends at the eutectic E, where the second 
solid phase, B, is in equilibrium with gas, liquid, and solid A. From E to 
lower temperature and pressure goes the curve G + A + B, the common 
vapor pressure curve of A + B. The three-phase curve G + L + B, the 
vapor pressure curve of saturated solutions of B rises from E to a maximum 
pressure, then falls to the vapor pressure of B at the melting or triple point 
of B. From this triple point go also the unary vapor pressure curves 
(G + L)g and (G + S)g. The vapor pressure curve of liquid B ends at 
the critical point of B, B., and the critical points of the two components 
are joined by the critical curve A.B., which gives the critical pressures and 
temperatures of mixtures of the two components as indicated by the curves 
A.B, in Figures la and 1c. 

In the P-T projection the eutectic E is a single point, but in the 7-X 
projection (Fig. la) and the P-X projection (Fig. 1c) it is represented by 
two points. One of these, Eg, gives the composition of the gaseous phase 
in equilibrium with the liquid, E,;. To make the relationsh'ps more 
evident, the content of dissolved solid in the gas is represented as greater 
than in any water solution known to me. A;,Eg¢ and A;E, thus are the 
gas and liquid compositions which coexist with solid A down to the eutectic. 
The curves EgB, and E,B, are the gas and liquid curves of the three-phase 
equilibrium G + L + B, which go from the eutectic to the triple point of B. 

The region in which solubility of a solid by a gas is exhibited is the region 
G + B in Figure 1b. If the gaseous pressure at constant temperature is 
increased from the region G + B to that of the three-phase curve G + L 
+ B, the solid melts, and at higher pressures solid disappears and the 
mixture is in the region G + L. If the mixture is in the region above the 
curve G + B, the much greater solubilities of B in gaseous A will be from a 
liquid, an unsaturated solution of B in A. 

This type of system is found in many cases of soluble salts in water. 
Typical is HXO—NaCl, shown in Figure 6. The maximum pressure on the 
three-phase curve is 414 bars at 640° C. This system is discussed in detail 
subsequently. 

The second type of system, in which the critical curve is intersected by 
the solubility curve, is illustrated in Figure 2. This also is a projection of 
a three-dimensional P-7-X model of the system A—B on the P-X, P-T, 
and 7-X planes. Figure 2a is the temperature-concentration, (7-X), 
projection. It shows the solubility of B in liquid A, the curve G + L + B, 
decreasing in the region of the critical temperature of component A, and 
the solubility of component B in gaseous A increasing in the same region, 
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until the two curves merge with a vertical tangent. Here the two phases 
G and L become identical in composition and properties and there is a 
critical end point (G = L) + B2 Inthe P-T projection (Fig. 2b) is shown 
the curve G + L + B terminating at this critical end point ~, which repre- 
sents the intersection of the pressure-temperature curve of the three-phase 
curve with the critical curve, a section of which is shown as A,p. 
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Fic. 2. Projections of a solid pressure-temperature-composition model for 
the case that no compounds are formed, there is no liquid immiscibility, and the 
solubility curve intersects the critical curve, cutting it into two parts, A.p and 
qB.. Figure 2b is the projection of the solid P-T-X model on the P-T plane. 
From the eutectic E the three-phase curve G+ L+ B rises until it cuts the 
critical curve at p; in the 7-X projection the gas and liquid curves merge with a 
vertical tangent. From B, along the three-phase curve G+ L-+ B pressure 
increases with decreasing temperature until it cuts the critical curve in g, and 
again in the 7-X projection the gas and liquid curves merge with a vertical 
tangent. 


The melting point of B is lowered by A, as shown by the curve G + L 
+ B extending to lower temperatures in Figures 2a and 2b. The pressure 
required to hold the volatile component in solution rises rapidly, as shown 


? At a critical point two coexisting phases become identical in composition and properties, as 
represented by the symbols (G = L) or (Li = L2). Ata critical end point two coexisting phases 
become identical in composition and properties, at the same time being in equilibrium with a 
third phase. Types of binary critical end points are: (G = L) + S, (G = Li) + Le, G + (Li 
= Lz), and (Li = L2) + S. 
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in Figure 2b, and the coexisting gas becomes of increasing density and 
dissolves an increasing amount of component B, until the compositions of 
the gas and liquid branches of the solubility curve of B merge with a hori- 
zontal tangent, giving rise to the upper critical end point g, at which again 
(G = L) +S. In Figure 2b the pressure rises along G+ L +B from 
B, to q, but it is also possible that the upper intersection of the critical curve 
by the solubility curve takes place at a temperature below that of the 
maximum pressure on the three-phase curve, in a region in which the pres- 
sure is falling with the temperature. The former alternative, however, 
probably is the usual case with systems of the type water-salt. An example 
is the system H,O—Na,.O-2SiOs, shown in Figure 12. In Figure 2 the 
region of G + S is found not only at pressures lower than on either of the 
branches of the three-phase curve G + L + B, but also in the region between 
p and gq. Between the temperatures of these two critical end points liquid 
cannot exist. The region is bivariant; at a constant temperature the 
solubility of B in gaseous A is a function of the pressure, and this pressure 
of the volatile component can be increased almost indefinitely, with re- 
sulting increasing density of the gas, and concomitant increasing solvent 
power. At any pressure the solubility of B in gaseous A is a function of the 
temperature. Since the region is divariant, solubility curves cannot be 
given. Many examples of this type are known, including the system 
H,O—SiO:, and the classic example, ether-anthraquinone. The basic 
theory of this, as well as all other types of phase equilibrium, is Gibbs’ 
“Equilibrium of Heterogeneous Substances” (15, p. 55-353). The appli- 
cation of Gibbs’ methods to critical phenomena was made by his great 
disciple van der Waals (76). Smits (63, 64, 65, 66, 67, 68, 69) contributed 
greatly to our knowledge of systems showing critical end points, and Niggli 
(49, 50, 51, 52) has discussed them with special application to geological 
phenomena. 

The region between p and q is one in which there can be but one phase, 
a gaseous phase. Problems of definition arise in connection with this 
phase on which there is no unanimity of opinion. The definitions preferred 
by me are: 


1) A liquid is a non-crystalline phase which usually takes the shape of 
the container but does not expand to fill all the space available. 

2) A gas is a non-crystalline phase which expands to fill all the space 
available. 

3) A vapor is a special case of a gas. Definitions of it usually refer to 
a pure substance; a vapor is a gas at a temperature at which it can be com- 
pressed to a liquid. For a pure substance this means below the critical 
point ; for a binary or more complex system it becomes either indeterminate 
or arbitrary. For example, in the case of the system H,O—NaCl, dis- 
cussed below, a continuous liquid aqueous solution extends from the eutectic 
to the melting point of the salt, and at every temperature a gas consisting 
essentially of water is in equilibrium with this liquid. 

4) The term ‘fluid phase” is sometimes used to denote the gas phase 
between the critical end points p and g. It sometimes is used to indicate 


i 
| 
| 
ani E 
| | 


THE SOLUBILITY OF SOLIDS IN GASES 231 


both gas and liquid without distinction, sometimes to indicate a gas con- 
taining dissolved solid. It has led to confusion and is best abandoned. 


EXPERIMENTAL RESULTS 


Organic Systems 


The systems showing solubility of solids in gas which have been studied 
in greatest detail are organic systems. In these the ratio of critical tem- 
peratures of the two components is not as large as in inorganic systems 
such as H,O—SiO, or H,O—NaCl, and neither the temperatures nor 
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Fic. 3. Temperature-concentration projection of the system ether-anthra- 
quinone (cf. Fig. 4). The concentration is given in mole percent of anthraquinone. 
The curves cp and gd are two parts of the solubility curve of anthraquinone in 
ether, which cuts the critical curve at p and q; the critical curve goes from p to 
the critical point of ether, from g along the curve gb to the critical point of anthra- 

quinone. No liquid is stable between p and g. After Smits. 


pressures are so large. Only a few examples of this type will be included 
here, including the classic example of a system showing critical end points, 
ether-anthraquinone. This was studied by Smits (62, 63, 64, 69) and was 
the first system showing critical end points of the type (G = L) + S to be 
worked out. The melting-point or 7-X diagram is shown in Figure 3. 
The lower part of the solubility curve ends at the critical end point p, at 
203° C, 43 atm. Here gas and liquid become identical, each containing 
4 percent by weight of anthraquinone, and the curves giving the com- 
positions of gas and liquid coincide with a horizontal tangent. When a 
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tube containing 6 percent of anthraquinone was heated the point p was not 
reached, but liquid disappeared from the equilibrium G + L + S, leaving 
G+ S. On further heating more and more anthraquinone went into the 
gas, until it all disappeared. The pressure-temperature curve is Figure 4, 
which shows a wide interval between the two critical end points p and gq. 
In this interval no liquid is possible. If a mixture is compressed at a tem- 
perature either below the first critical end point, p, or above the second 
critical end point, g, liquid will form. But in the region between p and g 
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Fic. 4. Temperature-pressure projection of the system ether-anthraquinone 
(cf. Fig. 3). Curve ea is the vapor pressure curve of ether, a is the critical point 
of ether, ap is part of the binary critical curve ether-anthraquinone, which is 
intersected at p by the vapor pressure curve, cp, of solutions of anthraquinone in 
ether. Curve dq is the vapor pressure curve of solutions of anthraquinone and 
ether, which go from the triple point of anthraquinone, d, to the intersection with 
the critical curve of g, and qb is a part of the critical curve ether-anthraquinone. 
After Smits. 


no liquid can exist, and as the gas is compressed more and more solid 
anthraquinone will be dissolved by the gas. The melting point of anthra- 
quinone is at 280° C, and the second critical end point is at 247° C. At 
240° C, just below the second critical end point, at a pressure of 100 atm. 
the gas contains 33 wt.-percent of anthraquinone. The partial pressure * of 


3 The partial pressure referred to here and subsequently is obtained by multiplying the total 
pressure by the weight fraction of the dissolved solid, in this case anthraquinone. More exact 
formulation would require knowledge of the mole fraction of all the molecular species present in 
the gas, information which we do not have. 
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anthraquinone is 33 atm.; the vapor pressure (25) of anthraquinone at 
240° C is 0.015 atm. ; so the amount dissolved in the gas is 2,200 times that 
to be expected from its vapor pressure. 

Many other organic systems have been studied, notably by Scheffer 
and his coworkers (9, 10, 11, 19, 57, 58, 59, 60). One of these is ethylene 
(t. = 9.9° C, pp = 50.5 atm.)-naphthalene (m.p. 80° C), which has a first 
critical end point at 11° C, a second at 52° C,174 atm. Figure 5 shows the 
change in solubility with pressure of naphthalene in the gas at several 
temperatures. ‘“‘Furthermore, it is evident from these results that by 
raising the pressure as well as the temperature the solubility of naphthalene 
in supercritical ethylene increases enormously, and that, for instance, at 
50° C and 270 atm. it amounts to 50 wt.-percent (18 mole %). Actually 
these are very concentrated solutions of slightly volatile solids in a super- 
critical fluid phase” (11). At 12° C and 100 atm. pressure the naphthalene 
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Fic. 5. Pressure-composition (P-X) sections of the system ethylene-naph- 
thalene at several temperatures given in °C. Each curve shows the solubility 
of solid naphthalene in gaseous ethylene as the pressure is increased at constant 
temperature. After Diepen and Scheffer (11). 


content of the gas is 25,500 times as great as it would be if the naphthalene 
had its normal vapor pressure. 


Inorganic Systems 


a. The Solvent is .Water.—The solvent most commonly used is water, 
and what can happen when a mixture of salt and water is heated to a high 
temperature in a closed container capable of withstanding the pressure 
developed is a question which leads to an important and little known field 
of physical chemistry. 

al. There are no critical end points. As previously stated, the 
simplest case is that in which the solubility curve is continuous, and the 
critical curve is not cut by the solubility curve, illustrated in Figure 1. 
Large pressures of gaseous water in the presence of solid salt are not possible 
in this case, because the region G + S is limited by the three-phase curve, 
and at a pressure higher than the three-phase curve the solid melts. 
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The water-salt system about which most is known is that with sodium 
chloride. Figure 6 gives the phase-equilibrium diagram of the system. 
The temperature-solubility diagram is fundamentally that of Keevil (27), 
who also determined the vapor pressure curve of the saturated solutions. 


The pressure-temperature curve of Figure 6 is partly based on Keevil’s 
results, partly on results by Morey and Chen (36). 


The short section of the 
critical curve is from Olander and Liander (53). 
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TEMPERATURE °C 
100 200 300 400 500 600 700 800 
Fic. 6. The system H,O—NaCl. In the lower diagram A temperature is 
the abscissa, weight fraction NaCl the ordinate, measured downward. The 
curve is based on the results of Keevil; the dotted critical curve on results of 


i 


lander and Liander. In the diagram B the abscissa is temperature, the ordinate 
pressure, and in it are indicated the vapor pressure curve of water, ending at the 


critical point, the pressure-temperature curve of the three-phase equilibrium 
gas + solution + solid NaCl, based on the results of Keevil and of Morey and 
Chen. 


Also indicated is the vapor pressure curve of a 25% solution of NaCl in 
H.0. Curve C gives the pressure-composition curve. 


Contributions to our knowledge of the solubility of NaCl in superheated 
steam have been made by several investigators. Schréer (61), in his re- 
searches on the critical state found that the critical temperature of water 
was raised by the addition of NaCl; his results are indicated in Figure 6. 
Spillner (70) made measurements of the solubility of NaCl in steam at 
407° C and Fuchs (13) made measurements of the NaCl content of steam 
in equilibrium with solutions of differing NaCl content, as well as of steam 
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in equilibrium with solid NaCl at 407°C. Straub (72) made similar studies. 
Morey and Hesselgesser (37), using a dynamic method, found the solu- 
bility of NaCl in steam at 500° C and 69 bars (1,000 psi) to be 7 parts per 
million; at 138 bars (2,000 psi), 14 ppm; at 276 bars (4,000 psi), 304 ppm; 
and at 600° C, 345 bars (5,000 psi), 539 ppm. These are superseded by the 
more recent results of Olander and Liander. 

Olander and Liander (53) studied the phase-equilibrium relations of 
water and sodium chloride above the critical point of water, using a copper 
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Fic. 7. The compositions of the coexisting gas and liquid at 400° C and at 
440° C in the system H,O—NaCl. At 400° C the critical point is at 286 bars, 


at 440° C, at 405 bars. At 400° C, 403 bars, the gas contains 5% NaCl. After 
Olander and Liander. 


lined steel bomb of capacity about 5 liters. Samples were let out through 
two capillary tubes, one ending near the top of the bomb, the other near 
the bottom, thus giving samples of the coexisting gas and liquid. Table 1 
gives the smoothed results of the experiments, and in it is drawn the critical 
curve, passing through the points at which the gas and liquid become 
identical. Compositions below this critical curve are liquids; those above 
are gases. In Figure 7 are plotted the compositions of the coexisting gas 
and liquid phases at 400° C and at 440° C, as given in Table 1. In Figure 
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TABLE 1 


TEMPERATURES AND PRESSURES AT WHICH A PHASE Exists CONTAINING 
THE AMOUNT OF NACL SHOWN IN THE First COLUMN. 


The broken line indicates the location of the critical states, the pressures of which are given in 
the second line. Numbers above the broken line refer to a gas phase ; those below the line, a liquid 
phase. After Olander and Liander. 
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Fic. 8. The critical point of NaCl solutions. The lower curve, with scale 
on the left-hand side, gives the change in critical temperature with composition; 
the upper curve, with scale_on the right-hand side, the change in critical pressure 
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8 are plotted the change of critical temperature with composition, and of 
critical pressure with composition. At 400° C and 403 kg/cm? the gas 
contains 5 percent by weight of NaCl, so the partial pressure of NaCl is of 
the order of 20 atm. This is a measure of the large solubility of NaCl in 
superheated steam at high pressure. The vapor pressure of NaCl at 440° C, 
calculated from the free energy equation given by Kelley (28), is 4 x 10-* 
atm., so the amount of NaCl dissolved by the gas is fifty million times that 
corresponding to its vapor pressure. In none of the preceding experiments 
was any indication found of decomposition of NaCl, with formation of HCl. 

Copeland, Silverman and Benson (7) measured the density of gas and 
liquid phases at 385°, 390° and 396° C, with results given in Table 2. 
Partial molar volumes calculated from the density results were extra- 


TABLE 2 


COMPOSITIONS AND DENSITIES OF GASEOUS AND LIQUID SOLTUIONS 
or 1n H:0 


The values given are not for coexisting solutions. After Copeland, Silverman and Benson. 


Vapor solution 


Liquid solution 


Cc 
(% NaCl) 


(g/cc) 


(% NaCl) 


(g/cc) 


0.12 
0.15 
0.19 
0.44 


0.21 
0.34 
0.62 


0.21 


0.68 


0.22 
0.24 
0.26 
0.32 


0.22 
0.26 
0.34 


0.20 


0.31 


3.00 
6.74 
11.96 


3.00 
11.96 


0.50* 
0.60* 
0.70° 


0.50* 
0.69" 


0.23 0.20 7.6 0.61 
0.30 0.24 12.4 0.69 
0.51 0.28 6.74 0.58* 
0.69 0.29 11.96 0.68" 


* Estimated from pressure-density isotherms. 


higher than those found by Keevil. 


ordinarily high, possibly the largest ever observed. Spillner found that 
the steam containing dissolved NaCl had no electrical conductivity and 
that the dielectric constant at the critical point was 2.9, so that this water 
should be regarded as a ‘‘non-aqueous solvent.”’ 

The system H,O—KCI is similar to HxXO—NaCl, with a somewhat 
greater solubility and lower vapor pressure. 
apparatus for determining the vapor pressure of saturated salt solutions, 
and with it measured the vapor pressure of solutions of KCI from 250° C 
to 600° C. Keevil (27), using the apparatus devised by Benedict, deter- 
mined the vapor pressure curve of saturated solutions, and the measure- 
ments of Morey and Chen (36) were in fair agreement, although a little 
Neither of these made any observa- 


Benedict (3) described an 
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tions on the solubility of KCl in steam. Spillner (70) made measurements 
of the solubility of KCl in steam at 407° C and pressures from 100 to 320 
kg/cm? and at 320 kg/cm* found 0.087 weight fraction KCl. 

Jasmund (26) used a method similar to that used by Gillingham (16), 
at 400, 450, 475 and 500° C, from 130 to 300 atm., and also a tracer technique 
using K® from 20 to 250 atm. His results, plotted on a logarithmic scale, 
are shown in Figure 9. At 400° C and 300 atm. the solubility of KCI in 
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Fic. 9. The solubility of KCl in superheated steam. After Jasmund. The 
abscissa are pressures expressed in atmospheres, the ordinate the solubility in 
parts per million, on a logarithmic scale. 


steam was found to be 0.017 weight fraction, at 500° C and 300 atm., 
0.0278 weight fraction. 

a2. There are critical end points (G=L)+S. This type of 
system was discussed under Organic Systems, and illustrated by the system 
ether-anthraquinone. To it belong the large number of difficultly soluble 
inorganic salts such as NasSO, and Na»COQOs;, as well as numerous oxides, 
such as NiO and SiOz, and silicates. 

The system H,O—SiO:. Probably the literature of the system 
H,O—SiO, is more extensive than that of any other binary system with 
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water at high temperature and pressure. Much of the work on SiO, 
summarized by Morey and Ingerson (40) deals with liquid solutions or 
more complicated systems. The first reference to solubility of SiO» in 
superheated steam is to the work of Nieuwenburg and Blumendal (43, 44, 
45, 46,47). Ina series of papers they demonstrated that amorphous silica 
could be transported through the medium of the gas phase to a crucible 
containing a basic oxide and fixed as wollastonite, willemite, etc., according 
to the basic oxide used. Niewwenburg and Zon (48) made semiquantitative 
measurements on the solubility of quartz in supercritical steam. Morey 
(34) confirmed the transport of silica, but was not able to confirm the large 
values of transport. Gillis (17) also found transport of SiO. with formation 
of willemite. Greig, Merwin, and Shepherd (18) found transport of silica 
in sealed silica tubes containing obsidian or basalt, but no transport if the 
water had previously been removed. Ingerson and Morey (24) observed 
transport of about 50 grams of silica, which was deposited as quartz, during 
the course of some extended experiments at 3,000 psi. Gillingham (16) 
made numerous experiments which demonstrated the transfer of silica 
through the gas. Splittgerber (71) measured the amount of SiO, in the 
steam in equilibrium with boiler water containing 25, 100, and 200 mg per 
liter of SiO.. He found with the water containing 100 mg per liter at 263° C 
(50 atm.) 0.07 parts per million, at 309° C (100 atm.) 0.16 ppm, and at 
340° C (150 atm.) 0.90 ppm. Straub (72) passed superheated steam over 
precipitated silica at temperatures from 200° C to 342° C, at pressures from 
67 to 420 psi. At 342° C (29 bars) he found a solubility of 2 ppm. Wyart 
and Sabatier (81), using the method of Nieuwenburg and Zon, at 480° C 
and 480 bars found for quartz 650 ppm vapor, for tridymite 1,020 ppm, 
for cristobalite 1,050 ppm, and for glass + 1,200 ppm. 

The researches of Kennedy (29) and of Morey and Hesselgesser greatly 
extended our knowledge of the solubility of silica in superheated steam at 
high pressures. The methods were totally different, and the results are in 
excellent agreement. Kennedy (30), whose results include measurements 
along the three-phase boundary gas + liquid + quartz, and in the two- 
phase field liquid + quartz, as well as in the two-phase field gas + quartz 
up to 560° and 1,000 bars, were made by a static method in which quartz 
oscillator plates were heated in closed bombs containing known amounts of 
water and connected to a pressure gage, and the amount dissolved deter- 
mined either by the loss in weight of the quartz plate or by the change in 
frequency of the oscillators. Kennedy expressed his results in isobaric, 
isovolumetric and isothermal solubility curves. ‘It is further apparent 
from examination of the isovolumetric curves that in the critical boundary 
neighborhood, the property of a solvent which makes it a liquid as con- 
trasted with the property of a solvent which makes it a gas has little or 
nothing to do with its efficacy as a solvent. The isovolumetric curves cross 
the critical boundary line separating the two-phase regions with no indi- 
cation of a break or even change in slope of the solubility curve’’ (30). 

Morey and Hesselgesser (37, 38, 39) used a dynamic method in which 
water was pumped through a pressure line, in which the pressure was held 
constant up to a throttle valve located after the water had passed through 


- 
: 
4 
4 


240 GEORGE W. MOREY 


a bomb containing quartz in the heated furnace, and the steam had cooled 
to room temperature. The condensed water was then weighed and the 
amount of dissolved SiO, determined by weighing as SiO, and evaporation 
with HF and H.SO,. The results of Morey and Hesselgesser are given in 
Table 3 and shown in Figure 10. Also given in Table 3 are the results of 
Kennedy, and it will be seen that the agreement is excellent. The column 
headed ‘‘Partial pressure SiO: bars” was ‘‘obtained by multiplying the total 
pressure in bars by the weight fraction SiO, and are not intended to convey 
any implication as to the molecular condition of SiO, in the steam, which 
will remain a matter of conjecture until some method of molecular weight 
determination under these somewhat extreme conditions is devised. 
Nothing is known about the extent of association of water vapor itself at 
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Fig. 10. The solubility of quartz in superheated steam at 400, 500 and 600° C, 


expressed as weight percent SiO, in the condensed steam. After Morey and 
Hesselgesser (38). 


high temperature and pressure. As for the SiO», it is improbable that it 
exists as SiO, molecules. In all probability it exists in tetrahedral coordi- 
nation as a ‘silicic acid,’ but speculators are incapable at present of experi- 
mental test’’ (38). Morey and Hesselgesser also found that in the con- 
densed steam none of the silica appeared to be in colloidal solution. 

The experimental results of Kennedy and of Morey and Hesselgesser 
have been discussed by several authors. Brady (5) calculated from both 
sets of data equilibrium constants for the formation of metasilicic acid, 
SiO(OH)>, orthosilicic acid, Si(OH), and the dimer SisO(OH)., in the gas, 
and concluded Si(OH), is the volatile species at steam pressures above a 
few hundred atmospheres, while at lower pressures a molecule of higher 
molecular weight, perhaps the above dimer, exists in the gas. 
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Mosebach (42) made an extended discussion of the results of Kennedy 
and of Morey and Hesselgesser, which indicated that the silica was dissolved 
in the steam as Si(OH),. He derived the equation: 


log L = 2 log D — 2071/T + 3.68 


TABLE 3 
THE SOLUBILITY OF QUARTZ IN SUPERHEATED STEAM aT HIGH PRESSURES 
After Morey and Hesselgesser (37, 38) and Kennedy (30) 


Solubility, weight 


Pressure, bars percent SiOz 


SiO: bars Kennedy 


Partial pressure | 


300° C 


67 0.0003 0.2 X 10-3 
133 


67 0.0014 0.91 X 10-3 — 
133 0.0036 3.3 10-3 
333 0.022 0.07 _— 
667 0.135 0.9 0.132 

1,000 0.260 2.6 0.232 
1,500 0.404 6.1 _ 
2,000 0.499 10.0 


333 0.036 0.12 _ 
1,000 0.296 3.0 ~ 
1,500 0.559 8.4 — 
2,000 0.765 15.3 — 


in which L is the solubility expressed as grams SiO: per kilogram H.O, 
D is the density of water at the given temperature and pressure, as given 
by Kennedy (31), and T is the absolute temperature, which gives fair 
agreement with the experimental results. 

Several investigators, as mentioned above, have used silica glass or 


4 
333-1000 | 0.062 | | 0.068-0.092 a 
360° C 
333 | 0.085 | | 0.097 > 
400° C a 
33 | 0.0001 | — 
333 0.064 0.21 0.060 
667 0.126 0.84 0.142 | 
1,000 0.155 1.55 0.173 
1,500 0.206 3.1 0.217 
2,000 0.231 4.6 
500° C 
4 
| 
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precipitated silica or other unstable forms such as tridymite or cristobalite, 
in their studies of the solubility of silica in steam. It is to be expected that 
these unstable forms would show a greater amount of dissolved silica than 
the stable quartz, but they cannot represent a true solubility. The criterion 
for testing a true solubility is that it shall represent an equilibrium condi- 
tion, reversible on change of experimental condition. If an increase in 
pressure Causes more material to pass into solution, a decrease in pressure 
should cause it to separate in the same thermodynamic conditions. This 
does not happen, and when a phase does separate it is quartz, not silica 
glass or tridymite or cristobalite. Morey and Hesselgesser also found much 
larger values with silica glass than with quartz, but in every case when the 
run was continued for several days the glass crystallized to quartz, and the 


TABLE 4 


SoME MISCELLANEOUS SOLUBILITIES IN SUPERHEATED STEAM AT 500° C, 
15,000 psi, IN PARTS PER MILLION 


After Morey and Hesselgesser (37, 38) and unpublished results by Morey and Chen. 


Oxides 


20.0** 
Nb2O;* 28.0 


Sulfates 


CaS¢ PbS¢ 
BaS¢ Ys NaS 


Miscellaneous 


CaCO; 120 sphalerite 


* Unpublished results of Morey and Chen. 
** NiO is at 30,000 psi. 


observed solubility dropped to that of quartz at the given temperature and 
pressure. The circumstance that constant values may be obtained under 
a given set of experimental conditions when using one of the unstable phases 
does not indicate that a true solubility curve has been realized. 

Miscellaneous oxide systems. Morey and Hesselgesser published the 
solubilities of FexO; and SiO, in steam, as determined by the dynamic 
method, at 500° C, 1,000 bars, with results given in Table 3. Morey and 
Chen (unpublished results from the Geophysical Laboratory) made the 
measurements on NiO, NbsO;, TasO;, BeO, and GeO: in Table 
4. 

Miscellaneous salt systems. Morey and Hesselgesser measured the 
solubilities of several sulfates, with results given in Table 4. There was 
no indication in any case of decomposition of the sulfate by water with 
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formation of HsSO,. Under the same conditions, CaCO; was carried over 
in the steam, to the amount of 120 parts per million. An independent 
determination of COs, in the condensate gave an amount equivalent to the 
CaO, indicating that the CaCO; was not decomposed under these conditions. 

Sulfide systems. Morey and Hesselgesser (39) made experiments by 
a static method at 500° C, 1,000 bars with bornite, covellite, bismuthenite, 
chalcocite, sphalerite, and pyrite. All except pyrite were essentially un- 
altered and did not show significant change in weight. For example, the 
bornite sample weighed 0.846 g; after the run it weighed 0.862 g and had 
some brownish spots and some very small recrystallized bornite on the 
surface. The pyrite sample weighed 1.138 g. After the run there was a 


Na,O Na,O 


030 040 O50 O60 O70 080 
WEIGHT FRACTION SiO, 


Fic. 11. The isothermal polybaric saturation curves in the system 
H,O—Na,O—SiO, at 400° C. The curve E)-L; gives the compositions of liquid 
solutions in equilibrium with quartz, Gz,-Gi, the coexisting gaseous solutions; 
and the triangle G,-L,-SiO» is the three-phase triangle at 2,500 bars pressure. 
Ge,-Gr, and E,-E, are the gas and liquid saturation curves of NasO-2SiO». Gz,-G2 
and E>»-L» are the saturation curves of NasO-SiO»s and L2-G2-Na20-SiOs is the 
three-phase triangle at 2,500 bars. 


strong smell of H.S, the sample weighed 1.043 g and had a surface coating 
of pyrrhotite. A heavy rim of chalcocite had formed on the edge of the 
copper washer. 

Three-component systems. In a three-component system in which 
compounds are formed it is only when the compounds are entirely undis- 
sociated in the gas that the ratio of the two components of lesser volatility 
will be the same in the gas and the liquid phases. It is probably true that 
in all systems, ternary and more complicated, the tendency will be for 
components of greater volatility to be in greater proportion in a gas than 


ole 
060 
OF : 
> 
aN 
AQ ve) i 
Ge 


244 GEORGE W. MOREY 


in a coexisting liquid, and when the pressure is not great enough to form a 
liquid, and the equilibrium is between a gas and a solid, the amount of 
decomposition usually will be greater. Examples of both conditions are 
to be found in the system H»O—Na,O—SiO:, studied by Morey and 
Hesselgesser (39). 

Figure 11 shows the phase relations in this system at 400° C. The 
complete representation of the pressure-temperature-composition relations 
in a three-component system, in which composition is represented by X, Y, 
and 1-X-Y, would require a four-dimensional hyperprism with coordinates 
P, T, X, and Y. The relations at a constant temperature can be repre- 
sented in the usual triangular prism.‘ Figure 11 is a projection of such a 
prism onto the triangular base: temperature is constant, so the curves 
and are isothermal polybaric saturation curves. The 
curve EL; gives the compositions of the solutions which have quartz as 
solid phase at pressures from that of the intersection of the quartz and 
disilicate surfaces at E,, at which the pressure is 240 bars, to L;, at which 
the pressure is 2,500 bars. The gas phases coexisting with quartz and the 
liquids E,L, are given by the curve GE,-G;. The gas at Gi, at which the 
pressure is 2,500 bars, contains 77% H,O, 6.2% Na,O, and 16.8% SiOz by 
weight with a ratio of Si02:/Na,O of 0.73. The coexisting liquid contains 
35% HO, 15.6% NasO, 49.4% SiOe, with a SiO./Na,O ratio of 0.70. 
Figure 12 shows the gas and liquid saturation curves of quartz as the pres- 
sure is increased. The first pair of curves gives the weight fraction of 
H.O in gas and liquid in equilibrium with quartz; the second pair, the weight 
fraction of SiO, in gas and liquid; and the third pair the ratio SiO./(Na,O 
+ SiO,) in gas and liquid. The first two pairs of curves show that gas and 
liquid are becoming closer in composition as pressure is increased, and on 
further increase in pressure they should become identical in composition 
at the critical end point. The last pair of curves shows that at low pressure 
Na,O is extracted from the liquid by the steam but as pressure is increased 
the two solid components tend to be taken up in almost the same amount. 
The difference between the SiO,/Na,O ratio in gas and liquid is character- 
istic of systems in which the components differ greatly in volatility, and 
the circumstance that with increasing pressure the difference in ratio 
between the two phases may be of great significance. 

The curve £,-E, in Figure 11 is the isothermal polybaric saturation 
curve of sodium disilicate, and the curve GE,-Gp;-GE: gives the composi- 
tions of the coexisting gases. Here again the ratio SiO./Na,O differs in 
the gas and liquid. At the point EZ; on the boundary at 400° C between 
Na,O-2SiO, and quartz, at a pressure of 240 bars, the ratio in the gas is 
0.5, in the liquid, 0.741; at the boundary between Na,O-SiO, and Na,O- 
2SiO2, Ex, at 380 bars, the ratio in the gas is 0.32, in the liquid, 0.60. 
Na,O-2SiO, has a weight percentage ratio SiO.,/Na,O of 0.66. The gas 
having that ratio is in equilibrium with a liquid having the ratio of 0.732 
at 1,100 bars and 400° C. It requires a water pressure of 2,200 bars to 


‘For a photograph of such a prism see Morey (33) in which are shown the T-X and P-X 
prisms for the system HzO—K,Si0;—SiO2. 


Bie 
| 
ks 
4 
ge 
yig 
1 


THE SOLUBILITY OF SOLIDS IN GASES 245 


melt Na,O-2SiO, at 400°C. At this pressure there is not so much de- 
composition of the solid: in an experiment at 2,250 bars the gas had the 
composition 80.6% 8.1% NasO, 11.3% SiOe, with a SiO./Na.O ratio 
of 0.584; the liquid, 33.9% H.O, 22.4% NazO, 43.7% SiOz», ratio 0.661. 

In considering saturation curves such as the liquid saturation curve of 
Na,O-2SiOs, E,L2, and the gaseous saturation curve GE;-Gp;-GE2, the 


WEIGHT FRACTION H2O WT. FRACTION Si02 


= 


SOLID PHASE QUARTZ 


Fic. 12. The gas and liquid saturation curves of quartz at 400° C, the curves 
Ge,-G,; and E,-L, of Fig. 11. The first pair of curves gives the weight fraction of 
H.O in coexisting gas and liquid; the second pair, the weight fraction of SiO, in 
gas and liquid; and the third pair, the ratio Si0./(Na2,O + SiOz) in gas and 
liquid. 


question arises as to what is the solubility of NaxO-2SiOQ, in steam at a 
given pressure and temperature. Sodium disilicate is not incongruently 
soluble in either liquid or gas, because in each case the line HxO-Na,O-2SiO, 
passes through the saturation curve. But the gas having the 1:2 molecular 
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ratio SiO2/ Na,0O is not in equilibrium with the liquid having a 1:2 molecular 
ratio. On each curve the 1: 2 ratio is merely a point on the saturation 
curve, and the term “solubility of Na,O-2SiO,2 in the gas’’ should not be 
used. This case is fundamentally different from that of Na2SO,, in which 
at the temperatures and pressures for which experimental results are 
available there is no indication of dissociation of the compound in the gas. 

The curve EL, is the isothermal polybaric saturation curve of Na,O- 
SiOz at 400° C, along which the pressure changes from 380 bars at E, to 
2,500 bars at Le, at which the liquid has the composition 42.7% H.O, 26.8% 


PRESSURE, BARS 
8 


CRITICAL POINT OF WATER 


300 400 500 600 700 800 900 
TEMPERATURE, °C 


200 


Fic. 13. The pressure-temperature curve of the equilibrium gas + liquid 
+ solid in the binary system H,O—Na,0-2SiO.. The first critical end point 
practically coincides with the critical point of water; the second critical end point 
is between 375° and 400° C and at an unknown pressure. 


Na.O, 30.5% SiOz, ratio Si02,/Na,O, 0.522. The gas G: in equilibrium 
with liquid L2 contains 61% H,O, 19.7% Na,O, 19.3% SiOz, a ratio of 0.497, 
The line G+ M (.30) represents gases in equilibrium with crystalline 
sodium metasilicate, and one of these at 400° C, 2,000 bars contained 67.4% 
H.O, 24.2% NaO, and 8.2% SiOz, and had a density of 1.36. It is an 
extreme example of the solution of solids by gaseous water. 

Figure 13 gives the pressure-temperature curve of the binary system 
H,O—Na.O-2SiO».° Sodium disilicate is very soluble in water at 200° C, 


* The values given in this figure are from Morey and Ingerson (41), Morey and Hesselgesser 
(39), and unpublished results by Morey. 
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but the solubility curve is retrograde and Na,O-2SiO, has practically zero 
solubility at the critical temperature of water; hence the first critical end 
point p practically coincides with the critical point of water. The melting 
point of NasO-2SiO, is lowered by H,O, but it requires an increasingly 
greater pressure to hold the water in solution, and at 400° C the three-phase 
pressure is 2,200 bars. At 400° C, 2,500 bars, the gas contained 77% HO 
and 33% dissolved solid; a liquid of the same temperature and pressure 
contained 44.5% H.O, 55.5% solid. The P-T curve is rising very rapidly 
with decreasing temperature, and the gas and liquid are approaching each 
other in composition. The second critical end point g in this binary system 
must be between 375° and 400° C, at some unknown high pressure. As 


TABLE 5 


THE DECOMPOSITION OF ALBITE AND MICROCLINE BY STEAM aT 500° C 


Under “‘Amount dissolved” is given the total amount of material carried over in solution by 
the steam in parts per million, under ‘‘Mole ratio” is given the molecular composition of the dis- 
solved material, and the last column gives the ratio SiO:/NazO in the dissolved material. 


Albite 


Mole ratio 


Pressure, bars Amount dissolved, a SiO:/Na:O 


ppm 
Na:O AleOs 


62 J 
1,000 770 1.11 | 1 6.85 6.17 
2,675 


| 
| 
Amount dissolved, | 
| 
| 


ppm | SiO2/K20 
K:0 Al:Os 
1,000 | 760 | 1.04 1 6.7 6.44 
2,000 2,480 1.08 1 727 | 6.73 


previously stated, the co-existing gas has in general a ratio of SiO./Na,O 
different from that of the liquid or crystals, but if the proportion of gas is 
small enough this circumstance does not materially affect the coordinates 
of the P-7T curve. 

Multicomponent systems. Morey and Hesselgesser also subjected the 
feldspars albite and microcline to the action of superheated steam at high 
pressure, with results given in Table 5. The Amelia County, Va., albite 
used was from the same stock as that analyzed by Day and Allen (8); the 
microcline was from the Derry Mine, near Buckingham, Quebec. The 
amounts of materials dissolved were about the same for the two minerals. 
The measurements with albite showed a decomposition at lower pressures, 
which greatly decreased at higher pressures, until at 2,000 bars the albite 
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is carried over as such almost within the error of the experiment. At 1,000 
bars, microcline showed about the same amount of decomposition as albite, 
but at 2,000 bars a greater amount of decomposition was indicated. It is 
not probable that this difference between the two feldspars can be ascribed 
to experimental error. It follows from the results of Table 5 that the ma- 
terial transported by steam at lower pressures contains alkali oxide and 
silica in excess of the feldspar ratio, and the material remaining contains an 
excess of alumina. Similar results were obtained by Morey and Chen (36) 
with water below its critical point. 

Morey and Hesselgesser also worked with enstatite, MgSiO;, and found 
it to be decomposed, with the extraction of an amount of silica far in excess 
of the metasilicate ratio. 

b. The Solvent is COs.—Braune and Strassmann (6) studied the solu- 
bility of iodine in gaseous CO, at pressures up to 50 atm. and temperatures 
from 32.6 to 98.5°. The solubility effect of COs, expressed as the ratio of 
iodine actually present in the compressed gas to that which would be present 
if there were no solubility effect ranged up to almost three to one. 

c. The Solvent is SOz.—Niggli (51) demonstrated the solubility of HgBr- 
and Hgl. in gaseous SO, by the increase in the critical temperature of the 


TABLE 6 
SOLUBILITIES IN SUPERHEATED STEAM CONTAINING ABOUT 7% COs at 500° C, 
1,000 Bars, PARTS PER MILLION 
Without With CO: 


CaCOs 120 940 
FeO; 80 230 
NiO 20 43 
2 50 
Quartz 26,000 19,000 


solvent. The critical temperature of SO. was found to be 157.6°. The 
solution at the first critical end point, 159.40, in the system SO.—HgBr 
contained 1.5 wt. % HgBr2; in the system SO.—Hgl, at 158.2°, 0.7%. 
His experiments were made in glass tubes, and it was not possible to realize 
the second critical end point, but in the region between the two end points, 
at 254°, in the system SO.—Hgl», a gas was obtained containing 6.2% 
Hgl.; in the system HgBroe, 8.59. Pressures were not measured. 

d. The Solvent is H.O + CO2—Water containing dissolved CO, was 
used as a solvent in unpublished experiments by Morey, some of which are 
mentioned in the Annual Report of the Director of the Geophysical Labora- 
tory (1), and these experiments are still under way. The apparatus and 
method used were similar to those used by Morey and Hesselgesser (38), 
and the method of obtaining a mixture of HO and CO, of constant com- 
position was based on these two substances being immiscible in the liquid 
state. A stainless steel cylinder was filled with liquid CO, which under 
pressures greater than 7,500 psi is heavier than water. Then when water 
at 15,000 or 30,000 psi was pumped into the bottom of the cylinder it rose 
to the top and contained a little more than 7% COs. This mixture was 
passed over the material being studied in the same manner as was water 


3 
2 
1g 
4 


THE SOLUBILITY OF SOLIDS IN GASES 249 


in the previous experiments. The same method of study could be used 
with H.S or SOs. The results with several substances are shown in Table 
6. The effect of the carbon dioxide was to increase the solubility of tin 
oxide about 25-fold, of iron oxide about four-fold, and to decrease the 
solubility of silica about 20%. Decomposition was more evident than with 
water alone. The material carried in solution in the steam was almost all 
Na.O and SiOs, and the alumina accumulated in the residue. 


GEOPHYSICAL LABORATORY 
CARNEGIE INSTITUTION OF WASHINGTON, 
WasuHincTon 8, D. C., 
October 4, 1956 
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APPARATUS AND TECHNIQUES FOR THE MEASUREMENT OF 
CERTAIN OPTICAL PROPERTIES OF ORE MINERALS 
IN REFLECTED LIGHT 


EUGENE N. CAMERON 


ABSTRACT 


The paper discusses the measurement of rotation properties of 
anisotropic ore minerals in reflected light. The theory of measurement 
is first examined, and measurements according to the Berek and Hal- 
limond methods are appraised. Three types of microscope equipment 
now available for quantitative work, including a new type of microscope 
produced by Bausch and Lomb Optical Company, are described, and 
procedures of measurement with each are given in detail. 


INTRODUCTION 


Wit the development of more sensitive and versatile microscopes, quali- 
tative observations of ore minerals in reflected light can now be supple- 
mented by quantitative determination of certain optical properties. The 
usefulness of optical properties in ore mineral identification is thereby 
greatly enhanced. The theoretical basis for quantitative work has been 
laid by Drude, Wright, Berek, Orcel, and others over a period of nearly 
eighty years, but the development of suitable apparatus has been slow. 
Most of the microscope equipment currently in use in various laboratories 
in this country is unusable for quantitative ore microscopy and gives only 
inconsistent and unreliable results. Several types of devices having the 
necessary optical quality and sensitivity are now available, however, and 
the purpose of this article is to describe them and discuss their usefulness 
in quantitative work. Among them is a new type of ore microscope de- 
signed and constructed by the Bausch and Lomb Optical Company in 
consultation with the writer. 
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ORE MINERALS IN REFLECTED LIGHT 


THEORY OF MEASUREMENT 


Analysis of Elliptical Vibrations.—When two linear vibrations differing 
in phase and vibrating in directions at right angles to one another combine, 
the result is an elliptical vibration. This may be taken as the general case 
for light reflected from an anisotropic absorbing mineral having its two 
vibration directions at 45 degrees to the vibration plane of the polarizer. 
In Figure 1, the vibration directions of a mineral grain under observation 
are parallel to OZ, and OE:. A vibration OE parallel to OP, the plane of 


Fic. 1. Elliptical vibration produced by reflection of incident linear vibration 
OE by an anisotropic mineral at a 45° position. OE, and OE, are components 
of OE parallel to the vibration directions of the mineral; OR; and OR, are the 
corresponding reflected components. OP and OApo are planes of vibration of 
polarizer and analyzer (crossed position). 


the polarizer, is resolved into two components OZ; and OE». Part of each 
component is absorbed, part reflected. The two reflected components, 
differing in amplitude and phase, are OR; = y and OR; = x. The ellipse 
of vibration of the ray produced by combination of OR; and OR: is always 
inscribed in the rectangle LMNP’, the half sides of which are defined by 
OR, and OR». The half diagonal OP’ of this rectangle gives the vibration 
direction and amplitude of the linear vibration that would result from OR, 
and OR; if there were no phase difference between them. The semi-major 
and semi-minor axes of the ellipse of vibration are respectively a and 0b. 
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Referring to Figure 1, the following standard geometric relation holds: 
2+ y = (OP’) = a + B. (1) 
Certain quantities must now be defined: 


The ellipticity, 8 = tan~'b/a 
#, = the phase of x(OR:); , = the phase of y(OR;) 
A., = &, — ®, = the phase difference between x and y. 


If A., is > 0 the ellipse is left-handed; i.e., the motion of an ether 
particle during passage of an elliptical vibration is counterclockwise. If 
A,, is < 0 the ellipse is right-handed, and the motion of an ether particle 
is clockwise. 

Now the following standard relationships hold for the ellipse and its 
circumscribed rectangle: 

tan 2a = tan 28 cos A, , (2) 
cos 28 = cos 28 cos 2a (3) 
tan 28 = tan A,, sin 2a (4) 
sin 28 = sin 28 sin A, ». (5) 


In the foregoing, the analysis of the ellipse of vibration has been referred 
to the rectangle having x and y as half-sides. However, the ellipse can be 
similarly analyzed with reference to any other circumscribed rectangle. 


The half sides of each such rectangle give the directions and amplitudes of 
two components into which the elliptical vibration can be resolved by 
addition of an appropriate phase difference, and the diagonal gives the 
amplitude and vibration direction of the resulting linear vibration. For 
each such rectangle, the equations given above are valid. They are the 
mathematical basis for the measurement of rotation properties. 


METHODS OF MEASUREMENT 


General Statement.—From equations (2)—(5) given above, it will be 
evident that if any two of the quantities A, ,, a, 8, and 3 are known for any 
ellipse and a given circumscribed rectangle, the other quantities can be 
calculated and the elliptical vibration thereby defined. Furthermore, if 
the quantities are known for an ellipse and one circumscribed rectangle, 
mathematical relationships between the ellipse and any other circumscribed 
rectangle of known orientation can be calculated. 

Various methods of measurement differ basically according to the 
orientation of the circumscribed rectangle used for analysis or according to 
the specific pair of quantities measured. For a full review of various 
methods, reference may be made to Berek (2), Kénigsberger (7), Wright 
(10), Orcel (8), Turner and others (9), Cameron and Green (3), and Hal- 
limond (5). The present article discusses two methods appropriate to 
available equipment. A third method is briefly mentioned. 
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In the first two methods, here designated the Hallimond and Berek 
methods, the analyzer is used for measuring an angle or angles of rotation, 
and a thin rotatable mica plate is used to compensate the phase difference 
between two components of the elliptical vibration produced by the min- 
eral. Scales and verniers permitting settings of the analyzer and mica 
compensator to 0.1° must be available. In each method, it is necessary 
first to determine the zero settings of the analyzer and compensator. The 
zero setting for the analyzer is the position at which it is crossed with the 
polarizer. This can be determined by examining the polarization figure 
of an isotropic mineral. At the zero position, with the mica plate out of 
the system, the figure is a perfect cross. The zero position of the mica plate 
can now be determined. If the mica plate is introduced into the system 
and rotated, the zero position of the plate is that position at which the 
blackest perfect cross is seen. When the mica plate is at its zero position, 
its fast ray direction is parallel to the vibration direction of the analyzer. 
The zero positions of the analyzer and compensator are recorded for refer- 
ence in measurement of rotation properties of anisotropic minerals. If 
both settings have been properly determined and if other possible defects 
in the optical system have been eliminated, the figure of any uniaxial 
mineral will be a perfect black cross at 4 positions 90° apart in a 360° 
rotation of the stage. All measurements are made in monochromatic light. 

Hallimond Method.—The most practical method of measurement of 
rotation properties is that described by Hallimond (5, p. 122-130). An 
anisotropic mineral (polished surface) is placed on the stage, the stage is 
rotated with analyzer and polarizer crossed, and the four extinction posi- 
tions of the mineral are determined. If these fall at 90° from one another, 
then the polars are exactly crossed. The mineral is then rotated to a posi- 
tion at 45° to one pair of adjacent extinction positions. If the extinction 
positions are not 90° apart, the polars are not precisely crossed. (It is 
assumed here that the optical system is free of defects, such as strain in 
objectives, that would produce the same effects on extinction positions as 
uncrossing of the polars.) The 45° positions then lie halfway between 
adjacent pairs of extinction positions. For example, if a given mineral 
shows extinction at the 40°, 120°, 220° and 300° settings of the stage, the 
45° positions are at 80°, 170°, 260°, and 350°. 

The stage is now rotated to a 45° position, and the analyzer is rotated 
until extinction at the middle of the field is produced. This can be deter- 
mined conoscopically by observing the polarization figure. At the 45° 
position the figure consists of two separated isogyres. Rotation of the 
analyzer either to right or left, depending on the direction of rotation of the 
incident ray by the mineral, causes the isogyres to approach one another 
and finally to form a cross. The analyzer is now at A, perpendicular to 
a = Og (Fig. 1). The angle of rotation of the analyzer from A» to A, is 
the angle of apparent rotation (A,) of the mineral, i.e., the angle POg 
= 45° —a. Thus far the method is the same as that employed by the 
writer and others (3, 4), and the reader is referred to the earlier articles for 
details of the procedure and precautions to be taken. If the two rays 
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reflected from the mineral differ appreciably in phase, however, true ex- 
tinction is not produced at the center of the field, hence the center of the 
cross is partly illuminated. The correct position of A; (1 Og = a) is now 
a position of minimum illumination, rather than extinction. The greater 
the phase difference the less complete the extinction and the more difficult 
is the precise setting of the analyzer. To overcome this difficulty, Hal- 
limond has introduced the use of the Nakamura plate (5, p. 75, 123-138). 


Fic. 2. Diagram to show relationships at compensation, for a right ellipse 
of vibration. The dotted rectangle is rectangle LMNP’ of Figure 1. P— 
vibration direction of polarizer; Ag—vibration plane of analyzer at crossed posi- 
tion. OG, and OG;—slow and fast ray directions of mica compensator. 


This is a thin biquartz plate that is sensitive to small rotations. The plate 
is inserted in the system in such a way that the boundary between the two 
halves of the plate passes through the center of the field and can be viewed 
by means of an ocular. The slightest deviation (commonly less than 0.1°) 
of the analyzer from the correct setting produces a contrast in the illumi- 
nation of the two halves of the plate. Except with a few minerals that 
produce unusually large phase differences, the Nakamura plate permits 
readings of the angle of rotation with a maximum error of + 0.2°. 
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The analyzer is left in the system, and the mica plate is now inserted 
and rotated until maximum darkness is produced under orthoscopic obser- 
vation, or better, until the center of the polarization cross as seen cono- 
scopically is made as black as possible. Hallimond recommends the use 
of a Kénigsberger plate for determining the exact setting of the com- 
pensator. This is a very thin bimica plate with two halves that are of 
equal thickness but are oriented so that fast and slow rays in one half are 
at 90° to those in the other half. The plate is sensitive to small phase 
differences but insensitive to small rotations. The device is unfortunately 
not available at present, due to difficulties in manufacture. 

The action of the mica compensator can be followed by means of Figure 
2. On entering the mica plate, the elliptical vibration due to the mineral 
is resolved into two component linear vibrations, x’ and y’, differing in 
phase. The two components are parallel respectively to the vibration 
directions OG; and OG: of the mica plate. OG, is the slow ray direction. 
The components x’ and y’ now define the half sides of a new rectangle /mnp 
circumscribed about the ellipse. In passing through the mica plate x’ and 
y’ will acquire an additional phase difference that is dependent on the 
optical thickness of the mica plate. At compensation, the phase difference 
produced by the mica plate must be equal and opposite to the initial phase 
difference between x’ and y’. In order that this condition may be satisfied, 
the following must hold for the relation of the ellipse of vibration of the 
mineral to the circumscribed rectangle defined by the mica plate vibration 
directions: 

If Ag = the phase difference between slow and fast rays of the mica 
plate, and A,., = the phase difference for the two components of the 
mineral ellipse of vibration parallel to OG; and OG2, then at compensation, 
Ag = Av,,, and from (4) 


tan Ag sin 2ag = tan 23 


(6) 


The meaning of 23 must now be analyzed. Let us suppose that a mica 
plate or other compensator is oriented with its vibration directions OG, 
and OG, at 45° to the major axis of a reflected ellipse of vibration (Fig. 3). 
On entering the compensator, the ellipse will be resolved into the two 
components x’’ and y” at 45° to the major axis of the ellipse. At the 
moment of entrance, the two components will have a phase difference due 
to the mineral. If this is matched by an equal and opposite retardation 
on passage of the components through the compensator, then on exit from 
the compensator the two components will be equal in phase and hence will 
combine to produce a linear vibration which will be Op coinciding with Og. 
Hence in Figure 3, 2ag = 28g = 90°, and in Eq. (6) tan Ag = tan 28. Thus 
28 for any elliptical vibration equals the phase difference between the 
components of the ellipse of vibration at 45 degrees to the major axis. These 
two components are the half sides of the rectangle with diagonal coinciding 
with the major axis of the ellipse. 

The Hallimond method therefore consists of determining the azimuth 
(A, = Ao — A;) of the major axis of the ellipse of vibration (Fig. 2) re- 
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ferred to the vibration plane of the polarizer, together with the azimuth 
(ag) of the slow ray of a mica plate set at the compensation position. The 
angle ag together with the known phase difference of the mica plate is used 
to calculate 28, the phase difference for the two components at 45° to the 
ellipse, from Eq. (6). In practice, A, and ag are each measured at two 
adjacent 45° positions. The mean A, and ag are taken as the final values 
and used in calculating 20. 


A, 


Fic. 3. Diagram showing relations at compensation, where Ag = Az”, y. 


Berek Method.—I\t has been shown that when the phase difference pro- 
duced by the mineral is compensated by rotating the mica compensator to 
the correct position, two components that are parallel to OG; and OG, and 
that are equal in phase emerge from the mica plate. Upon emergence, 
these will combine into a linear vibration having the direction Op (Fig. 2), 
which will not be parallel to Og. In order to produce true extinction, the 
analyzer must now be rotated by an amount equal to the angle gOp, to the 
position A» perpendicular to Op. The difference between this new setting 
and the crossed position of the analyzer Ao is the angle 45° — 8. 
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In practice, measurement by the Berek method starts with the mineral 
at a 45-degree position and the analyzer and mica compensator both at 
their zero positions. The two are then simultaneously rotated back and 
forth until the position of extinction is found. The weakness of this 
method is that accurate setting of the analyzer is dependent upon accurate 
setting of the mica plate, and this, depending on the size of the phase 
difference produced by the mineral and the specific retardation of the mica 
plate, is often difficult or impossible todo. The error in setting of the mica 
plate may be as much as +4 degrees when A,,, is appreciable, and errors 
therefore arise in setting the analyzer. In addition, the exact value of 
angle POp depends on the phase difference of the mica plate used, and no 
two plates will have precisely the same phase difference. In order to 
convert measurements to standard values, cumbersome calculations using 
equations (2) to (5) are necessary. The Hallimond method is therefore 
much the preferable one for general use. It allows precise measurement of 
angle A,, and this precision is not affected by any subsequent error in setting 
the mica plate. The apparent angle of rotation measured is independent 
of the mica plate thickness, and a standard maximum value for any mineral 
can be established for any given wavelength of light. This value can be 
reproduced by any observer. 

The difference between the Hallimond rotation angle (A,, Fig. 2) and 
the Berek rotation angle POp or A,s, (Fig. 2) can be calculated from equa- 
tions (2) to (5). For example, let us suppose that for a given right ellipse: 


Az, = 20° and 
B = 40°; hence 28 = 80° 
Then tan 2a = tan 80° cos 20° from (2) 
tan 2a = 5.3292 
2a = 79° 22’ 20” 
Next, tan 20° sin 79° 22’ 20” = tan 28 from (4) 
tan 238 = 0.35775 
29 = 19° 41’ = 19.68°. 


This is the phase difference for the components at 45° to the ellipse. 
Using Figure 2 as a general guide, the above values may be used to 
calculate the setting of the mica compensator over the ellipse, hence angle 
ag. 


let Ag = 36° (*) = the phase difference for the compensator 


Then tan Ag sin 2ag = tan 20 from (4) 
tan 19°41’ — 0.35775 


can 0.70084 


sin 2ag == 


29° 30’ 00” 
14° 45’ = 14.75°. 


2ag = 


ag = 


4 
The 
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The azimuth 8¢ (Fig. 2) of the linear vibration produced by compen- 
sation in the mica plate must next be determined. 
tan 2ag = tan 28¢ cos Ag from (2) 
tan 29° 30'00” 0.5658 
cos 36° 0.80902 
28g = 34° 58’ 
Bo = 17° 29’ = 17.48°. 


tan 28a = = 0.6994 


The difference between the rotation angles measured by the Berek and 
Hallimond methods has been shown to equal the angle gOp, or Bg — ag. 
This angle equals 2.73° under the conditions assumed above. 


TABLE I 


OR: 
Az.y (tan 
OR: 


3: | 
| 
| 


10° 
95° 
20° 
25° 
30° 


5° 
10° 
45° 
20° 
25° 
30° 


5° 
10° 
15° 
20° 
25° 
30° 


In general, the difference between 8g¢ and ag is a function of Az, and 


OR 
OR: 


* of the mineral, and Ag for the mica plate used. Table I shows vari- 


OR, 
OR, for a mica plate with Ag = 36°. The 
data are calculated by the method exemplified above. Similar calculations 
can be made to show the variation in Bg — ag with Ag. For example, if 
A., = 15°, 8 = 40°, and Ag = 36°, then as shown in the table Bg — ag 
= 2.2°. But if Ag = 30°, Be — ag = 1.75°. For very small phase differ- 
ences, Bg — ag is negligible relative to the accuracy of measurement (+ 0.2° 
to + 0.3°). Be — ag also becomes negligible as the phase difference for 
the mineral approaches the phase difference for the mica plate. 
Relationships shown in Figure 2 and used as a guide to the above calcu- 


ations in Bg — ag with A,, and 
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Ba — ag 
0.8 
1.5 
2.1 
2.9 
a — 35° 23.6 26.5 | 2.9 
} 
| | | 
40° 3.4 4.2 0.8 
40° 6.9 8.5 1.6 
40° | 10.6 12.8 2.2 
oa 40° | 14.7 17.5 2.8 
— 40° 19.5 22.5 3.0 
a 40° | 25.6 | 28.5 2.9 
| | | 
ag 43.5° 3.5 4.3 0.8 
mm 43.5° 7.0 8.7 1.7 
ip 4 43.5° 11.2 13.5 | 2.3 
43.5° 15.0 17.8 2.8 
eS: 43.5° 19.9 23.0 3.1 
4 &: 43.5° 26.2 29.0 2.8 
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lations are for a right ellipse (A,, <0). Note that angle ag is the angle 
between the slow ray direction of the mica plate and Og, which is perpen- 
dicular to A;. The total rotation of the mica plate from its zero position 
must therefore be corrected for the rotation of the analyzer from Ao to 
A, = A,. For example, let us suppose that the zero position of the mica 
plate is at 45° on the scale. At compensation, the setting of the mica plate 
is at 75°. Then in Figure 2, 


ag = (total rotation of mica plate) — A, = G,OP — A, 
ag = (75° — 45°) —A,= 30° — A,. 


Fic. 4. Diagram to show relations at compensation, for a left ellipse. P— 
vibration plane of polarizer; Ay—vibration plane of analyzer at crossed position. 
OG,—slow ray vibration direction of mica compensator; OG,—fast ray vibration 
direction. The dotted rectangle corresponds to rectangle LM NP’ of Figure 1. 


The sign of ag in this case is to be taken as negative. Relations for a 
left ellipse (A,,, > 0) are shown in Figure 4. Here ag = AogOA,; — (total 
rotation of the plate). 


A OA, = AOG, 
ag POq POG. 
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The sign of ag in this case is to be taken as positive. For a given 
mineral, the sign of ag may be the same for all wavelengths, or it may change 
sign with wavelength, passing through zero at some intermediate wave- 
length. 

MacCullagh Method.—In the last edition of the work of Rinne and 
Berek (2, p. 323) a method ascribed to J. MacCullagh is recommended for 
the analysis of rotation properties. An analysis of the relations involved 
was given by Horn (6). If a rotating mica plate having a phase difference 
between 23 and 180 — 28 for the mineral under observation is used as a 
compensator, there are two positions at which the plate compensates the 
phase difference produced by the mineral. One is at the azimuth of OG, 
defined by angle ag in Figure 2, the other is defined by the angle 90° — ag. 
Rinne and Berek recommend using measurements of the Berek rotation 
angle and angle ag (Fig. 2) at the two positions of compensation for calcu- 
lating the other quantities defining an ellipse of vibration. Unfortunately, 
even apart from the potential errors due to inaccurate setting of the mica 
plate, the method is mechanically unworkable with any microscope ap- 
paratus now available, including the Berek ocular, unless A, closely 
approaches Ag. 


APPARATUS FOR MEASUREMENT OF ROTATION PROPERTIES 


General Description—Three types of apparatus are now available for 
quantitative measurements in reflected light with the upright type of 
microscope. One is the Berek ocular, made by E. Leitz. The second is a 
combination of slotted Wright ocular and elliptical compensator made by 


Cooke, Troughton and Simms, Ltd. The third is a new ore microscope 
made by Bausch and Lomb Optical Company. The three types of ap- 
paratus differ markedly in design. 

Berek Ocular.—This ocular (Fig. 5), designed and described by the late 
M. Berek, was the first modern device produced for quantitative work of 
the kind under discussion. It is used in place of the regular ocular. The 
device includes an analyzer that can be rotated by means of a knob through 
an angle of 90°, the zero position being located at the middle of the scale. 
Beneath this is a similarly rotatable mica plate. When the plate is at zero 
position, it is in the middle of its scale and has its slow ray normal to the 
vibration plane of the analyzer when the latter is at zero position. Verniers 
on both analyzer and mica plate scales allow readings to 0.1°. A focussing 
auxiliary lens can be swung over the ocular when conoscopic examination 
is desired. 

The ocular is intended for measurements by the Berek method. Its 
only disadvantage for this purpose is that the ocular cannot be removed 
and a pinhole ocular inserted when a small bright polarization figure is 
desired, as is the case for some minerals. If the phase difference produced 
by the mineral under observation is small it can be used for measurements 
by the Hallimond method. If the phase difference is enough to require 
use of the Nakamura plate, however, difficulties arise. The Nakamura 
plate must be placed in the tube slot, the swing-out auxiliary lens must be 
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Fic. 5. Berek ocular (E. Leitz) mounted on microscope in place of the usual 
ocular. A—auxiliary lens (swung into place over ocular) to permit conoscopic 
observation. B—focussing ocular. C—arc with scales and verniers for reading 
positions of analyzer and elliptical compensator. D—turning knob for rotating 
analyzer; a similar knob on the opposite side of the device controls rotation of 
mica plate. 

Fic. 6. Slotted Wright ocular (Cooke, Troughton, and Simms) mounted in 
place of the usual ocular. A—eyepiece. B—sliding analyzer. C—circle divided 
on upper surface into 360°. D—vernier. Slot for elliptical compensator or 
Nakamura plate is between analyzer and divided circle. 


used to focus on the plate boundary, and the mica plate rotated to the 
position at which the two halves of the plate at the center of the figure are 
equal in hue and intensity. Unfortunately, at the focal point, the plate 
boundary is seen superimposed over the polarization figure, and the correct 
setting is very difficult to determine. 

The Slotted Wright Ocular.—This apparatus is manufactured by Cooke, 
Troughton and Simms, Ltd. Its use in connection with a mica com- 
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pensator and Nakamura plate has been discussed in detail by A. F. Hal- 
limond (5). The device (Fig. 6) is substituted for the usual microscope 
ocular. It consists of an ocular beneath which a sliding analyzer is mounted. 
Beneath the analyzer is a slot into which an elliptical compensator can be 
inserted. The ocular with its slots can be turned through 360° and the 
setting on a circular scale read to 0.1° by means of a vernier. The elliptical 
compensator consists of a mica plate which can be rotated through an angle 
of about 100°. The zero position of the plate is near the middle of its scale. 
Scale and vernier on the plate permit reading the setting to 0.1°. The slot 
in the ocular also will accommodate the Nakamura plate, the boundary 
line of which can be focussed by sliding the ocular in its mount. In this 
case the compensator is used in the tube slot of the microscope. Obser- 
vation may be done either orthoscopically or conoscopically, the latter by 
removing the lens or by use of an auxiliary lens. In our laboratory we have 
found it best to determine the rotation angle orthoscopically with the 
Nakamura plate in the ocular slot. The Nakamura plate is then with- 
drawn, the elliptical compensator is inserted, and the polarization figure is 
used for setting the mica compensator at the correct position. Hallimond 
has suggested use of the Nakamura plate in the tube slots where its image 
is superimposed on the polarization figure, but we have not found this 
satisfactory. 

Good results can be obtained by use of the apparatus described above. 
Its only drawback is that it is somewhat inconvenient to use, because in 
moving from observation to reading the scales the eye must constantly 
adjust focus. 

Bausch and Lomb Microscope-—A new Bausch and Lomb apparatus, a 
modification of the standard Model O ore microscope, is especially well 
suited for measurement of rotation properties by its simplicity of design 
(Fig. 7) and convenience of use. It is designed for precise work, yet the 
special optical components introduced in no way interfere with or complicate 
use of the microscope for the most ordinary observations. The polarizer 
is pinned in place in the horizontal illuminator tube. Its orientation can 
be adjusted by loosening the lock nut on the collar of the tube and rotating 
the tube. The reflecting plate in the tube of the microscope is of the coated 
type. The analyzer is a polaroid plate which is rotatable by means of a 
handle, whereby it can also be inserted and withdrawn. The analyzer is 
provided with a scale and vernier by means of which it can be set to 0.1°. 
Beneath the analyzer is mounted a mica plate which can be rotated, in- 
serted, and withdrawn by the same type of handle as the handle of the 
analyzer. <A scale and vernier permit setting the mica plate to the nearest 
0.1°. The analyzer and mica plate settings are read simultaneously through 
a right-angled reflecting prism. This is viewed from above by means of a 
lens that can be focussed on the scales. The lens is slid up and down until 
a position is found at which the eye requires no adjustment of focus in 
moving from observation of the mineral to reading of the scales. This 
device contributes greatly to the ease and speed of observation and 
measurement. 

Measurements may be made conoscopically or orthoscopically, according 
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to whether the mineral produces an appreciable phase difference or not. A 
6 mm objective is the most satisfactory unless excessively small grains (less 
than .05 mm) are to be observed. When a grain showing maximum 
anisotropy has been selected for measurement, the 45° positions of the 


Fic. 7. Bausch and Lomb ore microscope. A—focussing phase telescope. 
B—viewing lens for reading scales through right prism C. D—analyzer handle 
(upper) and mica compensator handle (lower). Scales rotate as handles are 
moved. 


Fic. 8. Bausch and Lomb microscope, showing details of compensating 
devices. A—sliding, focussing viewing lens, for reading scales through prism B. 
C—handle of analyzer. D—handle of elliptical compensator. 


mineral are found and the stage is rotated to one of them. If the mineral 
is one giving a small phase difference, conoscopic measurement is the sim- 
plest procedure. The ocular is removed and the polarization figure is used 
for measurement. Angle A, is determined by means of the analyzer. The 
mica plate is then inserted and angle ag is determined by compensation of 
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the center of the figure. The stage is turned to the next 45° position and 
the measurements are repeated. The two sets of readings are averaged. 

If the mineral shows an appreciable phase difference, and whenever 
especially precise results are desired, orthoscopic observation and the use 
of the Nakamura plate are necessary. The mineral is set as before to a 
45° position and the objective centered. The usual ocular is replaced by a 
special focussing phase telescope, and the mineral is brought into focus by 
racking the stage downward from the focal position for the normal ocular. 
The Nakamura plate is inserted in the tube slot, the telescope is focussed 
upon it by moving the sliding eye lens, and the boundary between its two 
halves is centered by moving the plate until the boundary passes through 
the optical center of the field. The field now appears as two illuminated 
semicircles that are separated by the plate boundary and appear super- 
imposed on the image of the mineral. The analyzer is turned until at the 
center of the field the two sides of the plate are equal in color and intensity 
of illumination. A, is then calculated from the setting of the analyzer 
(Ay — A). The Nakamura plate and ocular are now removed, the mica 
plate is inserted, the stage racked up until the polarization figure appears, 
and angle ag is determined. The measurements are repeated at adjacent 
45° positions. 


CORRECTION OF RESULTS 


As discussed by the writer and others (4), the values of A, determined 
by any of the methods described above must be corrected for rotation during 
upward passage through the reflecting plate. The values of ag must also 
be corrected for passage through the plate. The correction of ag is very 
small, except for minerals of high rotation angles (> 5°), and Hallimond 
points out (5, p. 127) that the same correction factor can be used for both 
the rotation and ellipticity. The corrections will always be reductions of 
the observed values. 


MEASUREMENT OF DISPERSION 


The dispersion of a mineral is an important property for determinative 
purposes. It is determined by measuring A, and ag in various wavelengths 
of light, and calculating 28 from the measurements of ag. The value of 
Ag must be known for each wavelength of light. This information should 
be furnished by the manufacturer. 


OTHER EQUIPMENT 


For quantitative work, properly centered aperture and field diaphragms, 
a coated reflecting plate, and a well centered strong source of illumination 
must be provided. For observations with polarization figures, strain-free 
4-mm and 6-mm objectives are necessary. Such objectives can be provided 
by any optical manufacturer by employing careful selection. It is not 
necessary that the objectives be completely free of strain, but only that the 
strain in the center of the objective lenses be no more than enough to cause 
the center of the polarization figure to become gray as the objective is 
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rotated in its collar. The figure should not break into isogyres. If a 
strain-free objective develops strain with age, it should be returned to the 
manufacturer for resetting of the components. 

The Nakamura plate is insensitive to small phase differences (5, p. 128) ; 
hence a strained objective, even a 16 mm objective, can be used in measure- 
ment of A,. The objective should be set at one of its extinction positions. 
To do this, the crossed position of the analyzer and polarizer is found, using 
the figure of an isotropic mineral and a strain-free objective. The strained 
objective is now substituted for the other and rotated in its collar to a 
position at which the polarization figure is a perfect cross. It may now be 
used for measurements of A, with the Nakamura plate. A 16 mm objective 
has the advantage that it gives a brighter image than an objective of higher 
magnification. 

For oil immersion work, a 40 &, N.A. 1.00 Bausch and Lomb fluorite 
objective is the only one we have found suitable for use with the Nakamura 
plate. The 90 X to 95 X, N.A. 1.25 objectives in our laboratory all permit 
too much stray light, so that contrast in the Nakamura plate is obscured. 
There are probably other oil immersion objectives not available in our 
laboratory, however, that will prove suitable. 

For work in monochromatic light, the ordinary low-voltage tungsten 
lamps provide light enough only in the range from about 520 my to 600 mu. 
The light even in this range is adequate only if a variable transformer is 
used and the voltage on a 6-volt lamp increased to 10 or 12 volts. If in 
studying a mineral this voltage is maintained only during actual measure- 
ments, the life of the average bulb is not significantly shortened. For 
monochromatic light, however, cap filters are necessary with built-in light 
sources. This is a nuisance and will remain so until filters easily inserted 
into the optical system are available. For precise work in monochromatic 
light over the range 450 to 650 my, a carbon arc lamp is still the only re- 
course. A microscope with a stage that can be racked up and down is 
therefore essential. 


GENERAL COMMENT 


The obstacles to quantitative measurement of optical properties of ore 
minerals have been removed to such an extent that this work is now brought 
within the scope of routine investigation of ore minerals. Improvements 
in apparatus will undoubtedly be made from time to time, but the necessary 
optical elements are already available. The need now is for measurements 
of the rotation properties of the various opaque and semi-opaque mineral 
species. This work is in progress in our laboratory, and data will be pub- 
lished from time to time as they accumulate. Those who attempt to make 
use of quantitative techniques, however, should not expect to obtain con- 
sistent or reliable results with equipment that was designed and manu- 
factured only with qualitative observations in mind. 
UNIVERSITY OF WISCONSIN, 
Maptson, WIs., 
Dec. 1, 1956 
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ABSTRACT 


Almost all of the previous investigations of S**/S*4 ratios of sulfide 
minerals and ores have indicated a lack of significant variations in the 
ratios of specimens collected from one deposit. Most of these valuable 
previous studies have been done by non-geologists upon, unfortunately, 
limited and poorly representative mineral suites of sulfide deposits with 
little regard for the geologic occurrence and paragenesis of the sulfides 
present in the given deposit. 

This study of S**/S** ratios obtained from two or more sulfides oc- 
curring in one hand specimen indicates that appreciable variations, greater 
than four percent in one example, are evident. Therefore, a partial at- 
tempt is made to analyze the significance of variations in S**/S*4 ratios by 
means of a more detailed study of the genesis and the paragenetic relation- 
ships of the various sulfides present in selected specimens. 

The isotopic and geologic study of the selected specimens suggests the 
following: (1) a suggestion for distinguishing between exsolution and re- 
placement is offered by isotopic ratios, (2) the mechanism of replacement 
of one sulfide by another is not always a diffusion mechanism of the small 
metal cations but also includes an exchange of the large sulfur anions, (3) 
hypogene ore fluids, giving rise to a vein, may vary in isotopic composition 
as indicated by an isotopic study of the minerals formed, and (4) the 
isotopic reactions that take place during supergene enrichment suggest 
that supergene and hypogene minerals can be distinguished by isotopic 
analyses. Other suggestions and avenues of investigation are also dis- 
cussed. 


1 This investigation has been made possible by funds provided by the Shell Grant for 
Fundamental Research in Geology at Yale University, Mr. Perry Bass of Richardson and 
Bass, and the Higgins Fund. 
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INTRODUCTION 


IN a previous preliminary paper (9), I suggested, through the study of stable 
isotopic ratios, the possibility of distinguishing between supergene and hypo- 
gene minerals and, also, the possibility of fractionation of stable isotopes oc- 
curring during the primary hypogene stage of sequential formation or succes- 
sive deposition of minerals. S**/S* investigations, however, both previous 
and subsequent to my suggestions, by Thode and coworkers (13, 14, 15, 18, 
19, 20, 21) and by Kulp et al. (10), have shown no conclusive evidence of 
significant variations in sulfur ratios of sulfide minerals collected from one 
mineral deposit, nor in many cases, variations in sulfides collected from mining 
districts. The enigmatic Franklin Furnace district and the Mississippi Valley 
district are two exceptions. 

This paper has a two-fold purpose. First, to call attention to the fact that 
appreciable variations in the S**/S** ratio of sulfide minerals, not only in one 
mineral deposit but in one hand specimen, have been measured and do exist— 
variations greater than 4 percent. Second, to illustrate that these variations 
in one mineral deposit and even in one hand specimen have a greater sig- 
nificance when studied in corroboration with a knowledge of the geologic oc- 
currence and paragenesis of the various sulfides present in the deposit or in 
the hand specimen. 

Quite frankly, at this stage, few facts are known about the specific geologic 
processes that caused these sulfide minerals to be formed with significantly 
different S**/S** ratios. Nevertheless, enough is known to allow certain 
suggestions pertaining to the mechanisms of both the mineral paragenesis and 


the enigmatic process of replacement, suggestions based upon the results of 
isotopic studies. 


EXPERIMENTAL PROCEDURE 


All but one of the sulfide samples analyzed were selected from the collec- 
tions at Yale University. At first, specimens containing two or more sulfides 
exhibiting what I believe to be fairly evident paragenetic relationships were 
selected, but as the study continued sulfides of more complex and inconclusive 
paragenetic relationships were analyzed. Isotopic analyses were made only of 
those specimens where the respective sulfide phases could be separated 
mechanically from each other, with very little or no intermixing. 

The sulfur dioxide gas was prepared by a standard procedure briefly 
described previously (2) and modified after a method described by Thode 
et al. (19), in which a stream of oxygen passes over the heated sulfides. One 
tank of pre-purified oxygen was used as a standard source for all samples and 
the flowage and burning rates were controlled by means of a bubble counter, 
manometers, and time schedules. The SO, formed was collected in a liquid 
nitrogen trap, transferred to a sample flask, and analyzed on a model 21-401 
Consolidated Electrodynamics Corporation mass spectrometer. 

For purposes of comparison with other published S**/S* studies, all ratios 
are related to the common standard of troilite from the Caiion Diablo meteorite 
with a ratio of 22.21, and the precision of the results is + 0.01 in standard 
deviation or better unless otherwise indicated. 
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SULFUR ISOTOPES AND MINERAL PARAGENESIS 


TABLE 1 


DESCRIPTION OF SPECIMENS 


Specimen 


Cat. 
Number 


Location 


| (Specimen ob- 
tained from 
Mr. D. J 
Milton, 
Harvard Univ.) 


XVI-D12 
Sud 139 


Brush 816 


Brush 1099 


Brush 699 


Brush 933 


XII-D9 
Kn 64 


XII-D10 
Kn 34 


Mackinaw 
Mine, 
Snohomish 
County, 
Washington 


Frood Mine, 
New deposit 
w. sect. 
2600 stopes, 
Sudbury, 
Ontario 


Bristol, Conn. 


Bristol, Conn, 


Ikuno mine, 
Japan 


Marsden’s 


mine, 
Galena, Ill. 


Vigsnus, 
Norway 


Unknown 


Kennecott, 
\laska 


Kennecott, 
Alaska 


Description 


Nic kel- gold ore specimen consisting of aggregate 
of coarse grained sulfides. Contains abundance 
of chalcopyrite and cubanite showing rather defi- 
nite exsolved textures, e.g., inclusions of blades 
and rectangular phases having sharp smooth 
boundaries of cubanite in chalcopyrite, lack of 
consistent continuous orientation of blades in ad- 
jacent chalcopyrite-cubanite grains, and con- 
traction in width of blades at mutual intersec- 
tions. 


Relatively coarse bands, parallel to hanging wall, 
several millimeters thick consisting of pyrrhotite 
and chalcopyrite. 

Bands of chalcopyrite 

Bands of pyrrhotite 


Veinlets of bornite and minor chalcopyrite cutting 
and replacing calcite. Chalcopyrite appears to 
have replaced bornite. 


Typical aggregate of orthorhombic crystals of 
chalcocite, for which Bristol is well known. 


Cockade ore specimen. Cores consist of earlier 
breciated gangue and ore fragments, followed by 
successive deposition of quartz, sphalerite, and 
pyrite, -_ filling of remaining voids with calcite. 
Early sphalerite crust 
Later pyrite crust 


“Stalactite’’ consisting of a core of an unaltered 
euhedral galena crystal crustified with coating of 
~1-3 mm dia. marcasite crystals. No evidence 
of oxidation on surface of galena crystal, therefore 
presumably formed entirely by hypogene fluids. 


Massive fine-grained pyrite forms base upo 
which grew large (1-2 cm dia.) crystals of wheal 
erite. 


Crustified vein specimen consisting of successive 
1-3 cm thick layers, extending from wall rock to 
interior of vein, of (1) quartz, (2) galena, (3) 
quartz, (4) sphalerite, (5) galena, and (6) mixture 
of sparse, very fine-grained sulfides in jasper. 

(2) Galena. 


Approximately 3 cm wide very coarse-grained 
veinlet of covellite with minor digenite remaining 
on two sides as enclosing host mineral. The 
covellite veinlet is cut and replaced by relatively 
smaller veinlets, some of which are composed of a 
fine-grained mixture of covellite and chalcocite 
(digenite?), whereas others consist entirely of 
digenite. 

Enclosing digenite host. 

Coarse grained covellite veinlet. . 

Small veinlet consisting of mixture of 

digenite and covellite 


Medium-grained ~0.5 mm _ wide) feathered 
crystals of covellite in a 2-3 mm wide veinlet that 
cuts a fine grained covellite host. Veinlet may 
have formed by hypogene replacement of covellite 
host although uniform width and uncurved plane 
of veinlet suggest possibility of small scale fracture 


Veinlet covellite 
Host covellite 
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DESCRIPTION OF SPECIMENS AND EXPERIMENTAL RESULTS 


The analytical results of the isotopic study of the sulfide phases in the 
specimens mentioned above are listed in the right-hand column of Table 1. 
The sulfur ratios are also printed on the photographs of some specimens with 
arrows indicating the various sulfide phases from which these ratios were 
obtained. 


DISCUSSION OF RESULTS 


Many suggestions could be made as to why sulfur-bearing minerals in a 
given deposit might exhibit significant isotopic variations. At this time, how- 
ever, these suggestions would be based upon numerous assumptions ; assump- 
tions on temperatures of formation and what exchange reactions are involved, 
which in turn are based upon assumptions of the source(s) and composition of 
the ore-forming fluids, whether equilibrium conditions were attained, extent 
of isotopic fractionation owing to diffusion and oxidation by meteoric waters, 
and so forth. The purpose of this initial paper, however, is primarily to in- 
dicate that appreciable variations in S**/S* ratios of contiguous sulfide min- 
erals do, in fact, exist. 


Previous Results 


Ratios reported by Kulp et al. (10) have shown no evidence of appreciable 
fractionation of sulfide specimens in juxtaposition. In fact, these investigators 
have concluded upon initial evidence obtained on reconnaissance data that 
“the sulfur isotopic abundances within a single deposit appear to be inde- 
pendent of the mineral species and crystal habit at least to + 0.2%”’ (10, p. 
148). 

Thode and co-workers (19) also have obtained little evidence of ap- 
preciable fractionation of closely related specimens although they have re- 
ported, for two different specimens, slight variations in the isotopic abundance 
between fine and coarse crystals from the same pyrite specimens. Fluid-in- 
clusion geothermometry indicates, in the two different specimens described, 
one from Gilman, Colo., the other from the Larga mine, Zalanthna, Hungary, 
that the coarse crystals were formed at lower temperatures than the fine 
crystals. In both specimens, however, the variations are within Kulp’s limit 
of + 0.2%. In a footnote, Thode mentions that chalcopyrite crystals from 
Gilman, Colo., have an S**/S* ratio of 22.261, which differs from the fine- 
grained pyrite by just slightly more than 0.4 percent. A third pyrite specimen 
from Sayerville, N. J., described by Thode as “a ‘concretion’ or round ball of 
fine crystals embedded in coarse crystals with a thin layer of sulfate mineral 
between them,” exhibits a variation of 3 percent in the concentration of S™ 
between the fine and the coarse crystals. In a recent paper Bateman and 
Jensen (2) have given a cursory description of two specimens from the Roan 
Antelope mine, Northern Rhodesia, which although located several hundred 
feet apart, differ in S**/S™ ratio by about 1 percent. Even greater variations 
are listed in this paper of sulfides from a single hand specimen. 
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Results of This Study 


Simultaneous Paragenesis-Exsolution—Exsolution or unmixing of specific 
sulfide minerals takes place, it is believed, by the diffusion to lower energy 
sites of the small metal cations through the interstices and channelways exist- 
ing in the structural framework formed by the large sulfur atoms. There is, 
therefore, a common contemporaneous origin for the sulfur anions forming 
the framework of closely related sulfides that have undergone exsolution, and 
those spatially localized sulfide minerals so formed should, therefore, be ex- 


Fic. 1. Alternating coarse bands of chalcopyrite and pyrrhotite. Frood mine, 
Sudbury. xX 14. 


pected to exhibit similar sulfur isotopic compositions. This hypothesis re- 
ceives support based upon the evidence of similar S**/S** ratios for the two 
phases analyzed in specimen A from the Mackinaw mine. This specimen was 
selected, partly because of the ease by which the cubanite and chalcopyrite 
phases could be separated, but primarily because the two phases exhibit excel- 
lent criteria, described in Table I, that indicate an exsolution history. 
Penecontemporaneous Paragenesis—Specimen B, from Sudbury (Fig. 
1), contains alternating rather wide bands of pyrrhotite and chalcopyrite. 
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These bands, some of which are a centimeter wide, are rather large for exsolu- 
tion lamellae, and therefore may to some suggest magmatic segregation even 
though the orientation of the bands in the deposit is not horizontal but steeply 
inclined. In consideration of those who may favor a magmatic origin for this 
deposit and in light of the relatively large size of the ore body from which 
this specimen was collected, one might imagine exsolution processes occurring 
during the slow cooling of this massive sulfide body. However, even if the 
genesis of this specimen were known, one must recall that Macnamara et al. 
(13) have shown that there is apparently a rather uniform S**/S* ratio for 
Sudbury specimens, indicating that appreciable isotopic variation in any of 
these specimens, even though not formed by exsolution, would be unusual. 
Incidentally, this rather uniform ratio for Sudbury specimens is becoming 
broader as isotopic studies continue ; it now ranges from 22.08 to 22.19. 

Exsolution of chalcopyrite and bornite above a temperature of about 475° 
C has been reported by Schwartz (17), but the mineralographic textures of 
the two sulfides in specimen C, from the very low-temperature hydrothermal 
deposit of Bristol, Conn., are not diagnostic enough to support an exsolution 
paragenesis. In fact, the limited evidence available suggests either con- 
temporaneous origin or that the chalcopyrite replaces the much more abundant 
bornite. The S**/S* ratios of the two sulfides, nevertheless, are similar. It 
is specimen D, described below, which imparts more interest to this specimen. 

The large chalcocite crystals from the Bristol deposit are well known. A 
sulfur isotopic analysis of a portion of one of these crystals, specimen D, has 
an unusually high ratio of 22.9, in comparison to the ratios of 22.27 and 22.28 
of the veinlet specimen C described above. This is a percentage variation of 
about 2.8 percent for this deposit. Whitehead (23) proposed a supergene 
origin for these orthorhombic (low-temperature form) crystals. Isotopic 
studies of sulfur might provide a criterion for distinguishing between super- 
gene and hypogene sulfides. The suggestion, however, that these chalcocite 
crystals might contain sulfur which was transported in the oxidation zone as 
sulfate solutions then reduced to sulfide in the supergene zone is puzzling 
from the isotopic viewpoint to say the least, puzzling because the known parti- 
tion function ratios of isotopic compounds of sulfur at 0°C and 25°C have been 
computed by Tudge and Thode (22) and the values of the equilibrium con- 
stants for specific isotope exchange reactions, computed from these partition 
functions, indicate that supergene sulfate solutions will tend to be enriched in 
the heavier isotope. If the primary sulfide within the supergene zone is en- 
tirely replaced by supergene sulfides, the secondary sulfide should exhibit a 
lower S*?/S™ ratio. On the other hand, if the replacement process is a diffsion 
mechanism whereby the metal cations are replaced and the sulfur anions are 
not replaced, there will, of course, be no change in the isotopic composition. 
(Actually, there must be a change in the amount of sulfur in some pseudo- 
morphs because of chemical and volume for volume replacement requirements ; 
e.g., pyrite, FeS, replaced by chalcocite, Cu,S.) 

The enigma of specimen D (Bristol orthorhombic crystals), of suggested 
supergene origin, is that it has an S**/S* ratio which is neither lower (en- 
riched in S**) nor essentially the same as the primary veinlet specimen C, but, 
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instead, is actually very significantly enriched in the lighter isotope. There is, 
therefore, no isotopic evidence which supports a supergene origin for these 
crystals. 

On the other hand, Bateman (1) has cited strong support for a hydro- 
thermal origin for the chalcocite crystals based upon the knowledge that super- 
gene copper sulfides form by replacement of primary sulfides, and do not form 
by precipitation or free growth in the supergene zone. Of course, further 
mineralographic and isotopic studies are continuing on specimens collected 
from the Bristol mine and upon both supergene and hypogene sulfides from 
other deposits. 

Sequential Deposition Needless to say, isotopic similarity of closely as- 
sociated sulfides does exist in sulfide specimens that lack evidence of an exsolu- 


Fic. 2. Cockade ore specimen. Ikuno mine, Japan. xX j. 


tion history, but instead exhibit evidence of sequential paragenesis. Specimen 
E, from the Ikuno mine, Japan (Fig. 2), represents sequential or successive 
deposition of sphalerite, pyrite, and traces of sphalerite as crusts about 
brecciated gangue and ore specimens, viz., cockade structure. The S**/S* 
ratios of the sphalerite and pyrite are similar. This may suggest a somewhat 
rhythmic or sequential precipitation of sphalerite and pyrite from the same 
mineralizing fluid with either slight but significant changes in cation concentra- 
tions or possibly sensitive precipitation control under the influence of, for 
example, temperature and/or pressure fluctuations, instead of deposition from 
different fluids. 
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Specimen F, from Galena, Illinois, (Fig. 3) may have had a history similar 
to specimen E described above in that an early sulfide has been covered with 
a crustification of a second later sulfide. Both minerals are primary, and the 
perfect cubes of galena showing no evidence of oxidation or leaching does 
weaken the possibility of supergene processes forming the marcasite crust 


Fic. 3. Galena coated with marcasite. Marsden’s name, Galena, Ill. x 3. 
Fic. 4. Sphalerite crystals on pyrite pedestal. Vigsnus, Norway. x 1. 


covering the galena. In contrast, however, there is a S**/S* ratio variation 
of almost 1.4 percent between the galena (22.09) and the marcasite (22.39°). 
Whether an appreciable temperature rise, isotopic fractionation processes, dif- 
ferent sources of mineralizing fluids, or combinations of these factors brought 
about the isotopic variation is not known. Further studies, both in the 
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laboratories in synthesizing sulfide minerals under controlled conditions, and 
in the field where a detailed geologic study may indicate which processes are 
more probable, are needed in deciding the relative merits of these various 
factors. 

Specimen G, from Norway, (Fig. 4) also exhibits two sequential periods 
of formation of different sulfides, an early stage of pyrite followed by the later 
growth of coarse crystals of sphalerite. Although there are periods of suc- 
cessive deposition of sulfides in both specimens F and G, the latter in contrast 
shows no S**/S* variations between the pyrite and sphalerite, both with ratios 
of 22.11. 

A relatively large vein specimen, specimen H, (Fig. 5) consisting of 
sulfides and quartz gangue was the first sample selected in which significant 
isotopic variations were noted. Galena was formed first, followed by deposi- 
tion of milky-white quartz, which was followed by deposition of sphalerite, 
then galena, and finally a mixture of several fine-grained sulfides and jasper. 
The later galena and sphalerite exhibit S**/S® ratios of 22.19 and 22.21 re- 
spectively. Significantly, however, the early galena stage that is separated 
from the later sulfide history by a quartz stage, has a ratio of 22.39. Once 
again, the question of the cause of the variations arises. The relatively slight 
isotopic fluctuation in the later sulfides, although just within the allowable 
precision of results, might be due to temperature fluctuations. These two 
ratios, which may truly differ only slightly, might be expected from theoretical 
considerations of the theoretical equilibrium reactions that do show a lesser 
fractionation effect at higher temperatures per degree than near the range of 
room temperature. (There is, obviously, a need for experimental verification 
of these theoretical beliefs.) A somewhat different reason, such as the source 
of mineralizing fluid, may best explain the different ratio of the early galena, 
especially since it is separated from the later sulfides by an interrupting quartz 
stage. 

Replacement Mechanism.—Specimens I and J were selected from the well- 
studied (3, 4, 11) Kennecott, Alaska, suite. Specimen I (Fig. 6), is note- 
worthy because it shows the largest variation in S**/S* ratios thus far meas- 
ured in one specimen. The coarse-grained veinlet of covellite with a ratio of 
21.91 encloses a few small veinlets composed of a mixture of mostly digenite 
and some very fine-grained covellite, which has a ratio of 22.88. This is a 
variation of more than 4 percent. Furthermore, one of the digenite walls that 
encloses the one-inch wide covellite veinlet has a ratio of 22.64. The specimen 
is apparently entirely of hypogene origin with no evidence of supergene proc- 
esses. Specimen J, also from Kennecott, consists essentially of relatively 
fine-grained covellite, with a S**/S* ratio of 22.31, cut by a later coarse- 
grained veinlet of covellite that has a ratio of 21.85. 

This coarse-grained covellite veinlet in specimen J is uniformly thin and 
tabular in shape and, therefore, may not have formed by replacement but by 
simple filling of a planar fracture. In specimen I, however, the mutual 
boundaries and rapid fingering-out of veinlets indicate that they have formed 
not by fracture filling but by replacement of the existing sulfide host. 

Lindgren (12) almost half a century ago, wrote that “the difficulty of an 


i 
4 
aq 
4 
ig, 
4 
he a 
in 


M. L. JENSEN 


CC=22.64 


6 


Fic. 5. Portion of crustified vein; wall rock at left, next galena, then quartz, 
sphalerite, galena, and fine-grained sulfides in jasper. X 3. 

Fic. 6. Digenite host borders polished surface of coarse-grained covellite vein 
cut by replacement veinlets of chalcocite and a mixture of fine-grained chalcocite 
and covellite. 2. 
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adequate explanation of the geologic process known as metasomatism or re- 
placement has long been recognized.” The space problem in particular was 
difficult to explain adequately. One of Lindgren’s students, M. J. Buerger 
(5), offered a very reasonable partial explanation as follows: “Lindgren long 
ago pointed out that replacement occurs on approximately a volume-by-volume 
basis. While the field evidence for this has been obvious, the mechanism for 
accomplishing it has been obscure. Diffusion suggests the mechanism. There 
is a tendency on the part of crystals to have their volumes determined by their 
largest atoms. Thus, the volumes of the rock minerals are dominated by 
their oxygen atoms and the volumes of the sulfides are dominated by the pack- 
ing of the sulfur atoms. Replacement is, therefore, substantially a matter of 
the diffusion of new metals into the volumes dominated by oxygen or sulfur 
atoms. Thus, diffusion supplies a mechanism for approximately maintaining 
volume during replacement.” In this explanation of the process of replace- 
ment there is no exchange of the sulfur atoms, but in both specimens, I and J, 
there is no similarity in the isotopic composition of the original host sulfide 
and the replacing sulfide. Quite evidently, therefore, in these specimens, 
possibly with the exception of specimen J if it represents fissure filling, there 
has not only been an exchange (in concentration) of the metal cations but also 
an exchange of the large sulfur anions. At the present time, we are con- 
tinuing further studies on this interesting and important finding. 

Incidentally, it does seem that instead of a diffusion mechanism, a mecha- 
nism of dissolving of host followed by precipitation of replacing mineral de- 
scribed by Lindgren (12) would more easily explain why the sulfur atoms are 
also replaced ; i.e., “that complex reactions constantly take place in the contact 
films of solutions ; the process goes on in one operation, solution and precipita- 
tion following so closely that no spaces of solution are visible under the micro- 
scope.” Nevertheless, and parenthetically, there is little doubt that solid state 
diffusion is still an important process in exsolution, replacement, and the 
formation of intermediate phases in the realm of sulfide mineralogy, as in- 
dicated by evidence provided by Ross (16), Frueh (6, 7), and Jensen (8). 


CONCLUSIONS 


In the previous section, the specimens have been divided into four groups 
in which the two or more sulfides within each specimen vary in paragenesis 
from simultaneous, through sequential, to non-contemporaneous respectively. 
The a priori assumption, borne out by the results, that there is a greater proba- 
bility of variations in S**/S®™ ratios in the latter groups is not surprising be- 
cause the assumption is based essentially upon the significance of time de- 
pendency ; i.e., the greater the difference in time of origin of adjacent minerals, 
the more probable it is that they will differ in isotopic composition. 

It is clear that significant and appreciable S**/S* variations do exist in 
some contiguous or closely related sulfide minerals, sulfides not only of differ- 
ent species but of even identical species. Adequate explanations of the proc- 
esses that have led to the formation of hypogene sulfides of differing isotopic 
composition are lacking, although slight variations, of the order of a few 
hundredths, may be dependent on temperature changes. Similar and even 
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greater variations may be non-equilibrium fractionation or unidirectional de- 
pendent processes. Variations of the order of a few to several tenths suggest 
a more complicated “plumbing system” for the passage of hydrothermal solu- 
tions and possibly more than one distinct source for the solutions ; for example, 
the ore-bearing solutions may be tapped from several localized and coalescing 
ore-fluid concentration zones. A cyclic hydrothermal plumbing system giving 
a cumulative fractionation might provide the panacea needed by the theorist to 
explain the measured extensive fractionation of the sulfur isotopes, but this is 
obviously an ad hoc hypothesis. 

Even the most casual reader is now most certainly aware that mere 
theorizing based upon isotopic studies of hand specimens picked from minera- 
logic collections is no way to continue this study. Instead, what will be more 
enlightening is to carry out a detailed geologic examination (a la Dr. Living- 
stone!) of a not too complex but accessible hydrothermal mineral deposit in 
which primary sulfides have and are still undergoing oxidation. Accessibility 
to both the enriched supergene zone, in which the primary sulfides have not 
been entirely replaced, and the underlying protore should provide adequate 
means for obtaining further knowledge about the possibility and extent of 
natural oxidation processes and the resulting extent of fractionation of the 
sulfur isotopes. The study would be further facilitated by collecting sulfate- 
bearing mine waters at various zones within the deposit. Initial arrangements 
and skeletal collections as briefly outlined above have been obtained and are 
to be continued and greatly expanded by this laboratory. 

Furthermore, the various processes of exsolution, solid solution, replace- 
ment, the formation of intermediate sulfide phases, and even an understanding 
of what some investigators believe to be the comparatively simple process of 
growth of sulfide minerals, should be further studied in view of the additional 
knowledge to be gained by use of the mass spectrometer. The formation of 
synthetic sulfide minerals by various processes under controlled but different 
conditions of temperature and pressure from sulfur of known isotopic composi- 
tion might provide information of substantial interest. 
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SHEARING ALONG ANTICLINES AS AN IMPORTANT STRUC- 
TURAL FEATURE IN URANIUM MINERALIZATION IN 
THE NORTHERN PART OF THE NORTHERN 
TERRITORY OF AUSTRALIA 


J. RADE 


ABSTRACT 


Deep seated flow of geoplasma (bathyrheal underflow), has been re- 
sponsible for horizontal movements of crustal blocks of Lower Proterozoic 
in the northern part of the Northern Territory, Australia. These move- 
ments resulted in strike-shearing of anticlines in the Lower Proterozoic 
Brock’s Creek Group, and the resultant shattered and sheared anticlines 
became the locale for uranium mineralization. These strike-sheared anti- 
clines are an important guide in uranium prospecting in the northern part 
of the Northern Territory. 


INTRODUCTION 


SHEARING along anticlines is an important structural feature associated with 
uranium mineralization in the northern part of the Northern Territory. The 
structure is well seen in the area between 131°E and 132°E and 13°S and 
14°S which is within the Darwin-Katherine region of Noakes (6) and the 
Rum Jungle Province of Fisher and Sullivan (1). 

The area is mainly occupied by siltstones, sandstones, conglomerates and 
tuffs of the Lower Proterozoic Brock’s Creek Group (6). At the end of 
the Lower Proterozoic these were folded and intruded by granite, which now 
outcrops as the Mt. Shoobridge, Brock’s Creek and Prince’s Springs Granites. 
The granite bodies represent separate crustal blocks and their horizontal 
movements have played an important part in the formation of the structural 
feature described in this paper. The Brock’s Creek Granite is the largest of 
these outcrops and the Mt. Shoobridge Granite is the smallest. In the south- 
eastern part of the area the large massif known as the Cullen Granite (6) out- 
crops. 

The shearing along anticlines that is connected with uranium mineraliza- 
tion occurs in rocks of the Brock’s Creek Group. Two typical examples will 
be described. 


EXAMPLES OF SHEARING 


Burrundie Prospect——The first is the Burrundie Uranium prospect 95 
miles southeast of Darwin and 3} miles southwest of Burrundie railway 
siding. The sedimentary rocks here are partly hornfelsed grey siltstones, 
which are in some places bleached to white, belonging to the Brock’s Creek 
Group. The siltstones contain pyrite and cavities one-eighth to one-quarter of 
an inch in diameter have been formed by solution of the pyrite. Quartz has 
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been injected as veins and lenses and the larger lenses contain vugs filled with 
quartz crystals. The prospect is surrounded by granite, the Prince’s Springs 
Granite to the north and the Cullen Granite to the south. 

Both regional and local folding and faulting affected the rocks of the 
Brock’s Creek Group in the Precambrian. The Burrundie Uranium prospect 
is located on the crestal part of an anticline that has been subjected to ten- 
sion during folding, as have many of the other anticlines in this area. In this 
case tension fractures were formed and kept open, allowing mineralizing solu- 
tions to circulate. Quartz was injected along the tension fractures during the 
last stages of igneous intrusion. Later the crestal part of the anticline was 
affected by shearing due to horizontal movements in the basement. The 
quartz veins were brecciated and shattered and hematitic solutions circulated, 
filling the interstices between the broken quartz grains with hematite. 

Recurring movements have developed intense fracturing in the Burrundie 
Uranium Prospect. The main trends of the fractures are very characteristic. 
Both shear and tension fractures are developed, which clearly show that the 
northeastern part of the anticline moved to the southeast and the southwestern 
part moved northwest. Some cross-fractures trending northeast transect the 
crest of the anticline. Their positions are indicated by the topography, the 
largest quartz veins, associated fracturing and the hydrothermal alteration of 
the rocks. Such cross-fracturing is a common structural feature. Gilkey 
(2) has described it in several anticlines in the United States of America; for 
example, of the anticline in the Marathon Region, Texas, he says that “the 
most continuous set of joints can be seen to parallel in general the direction of 
the faults and to intersect the axis of the fold at about seventy-five degrees, 
in one direction only.” Further on he discusses the faulting and jointing in 
the Wills Mountain Anticline at Maryville Gap, Central Appalachians, West 
Virginia, and says: “One characteristic of the density of the jointing was 
apparent in the field, the very marked increase in dgnsity toward the crest of 
the fold. For several hundred feet above the bottom of the gap, the orienta- 
tion is less pronounced and the jointing is relatively sparse, while above that, 
the density increases to almost a sheetiness along the highest part of the fold.” 
The cross-fracturing at the Burrundie Uranium prospect is similar to that 
described by Gilkey. The cross fractures commonly form either during or 
after the folding of the anticlines. Diorite and amphibolite encountered in 
the core of the anticline were intruded during folding, and the quartz that fills 
some of the cross-fractures represents the last product of differentiation of 
the same magma. 

The author believes that some slight movements along the northeasterly 
trending cross fractures were rejuvenated at a later date. This is shown by 
shearing in the quartz-filled cross fractures in the southeastern and north- 
western parts of the Burrundie Uranium prospect. Fractures show that the 
northwestern parts of the cross fractures moved to the northeast and the 
southeastern sides to the southwest. It should be noted that similar weak 
movements along northeast trending cross fractures are characteristic of the 
whole of the northern part of the Northern Territory. On a large scale, the 
same type of movements affected the crustal blocks in the eastern part of the 
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Pine Creek geosyncline, which includes the area under consideration. The 
author believes that the cause of these horizontal movements was a deep- 
seated flow of geoplasma—the bathyrheal underflow (7). 

The radioactive deposits at Burrundie are of hydrothermal origin. 
Patches of radioactive limonitic gossan were found in several places on top 
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of the razorback ridge on which the prospect is situated. The gossan material 
is a dirty brown color, light in weight and highly leached because its position 
on the razorback ridge is favorable for leaching. Not all the gossans of this 
type were found to be radioactive. The radioactive gossans tend to occur 
where the fracturing is strongest at the intersections of the shearing in the 
anticline with the northeasterly trending cross fractures. Thus the cross- 
fracturing is an important factor favoring uranium mineralization in this case. 
It has been observed overseas and also by the author in the Northern Ter- 
ritory that radioactive mineral deposits favor highly shattered zones, especially 
those in brittle rocks. An overseas example is the Precambrian Red Creek 
Quartzite in the northern part of the Uinta Mountains, Daggett County, Utah 
(10), and in Australia the carbonaceous slates and graphitic schists at Rum 
Jungle, Northern Territory (9) and the schists of the Sleisbeck area, Northern 
Territory (5) are other examples. 

It is characteristic of uranium mineralization that zones of minor fracturing 
are preferred to major fault zones. An example of this is in the Goldfields 
Region, Canada (4) where only a few deposits have been found within large 
fault zones, the principal ones being in zones of minor faults, crushed zones, 
or in tension fractures near the major faults. 

Shear zones are commonly favored in the deposition of radioactive min- 
erals. The mineralization is commonly a late phase, occurring after the minor 
movements that cause the brecciation and intense fracturing. Such a case is 
described by Hart and Hetland (3) from the Mohave County, Arizona, 
where the last movements were weak in comparison with the earlier ones. 
The Burrundie area is similar in that several movements occurred, as shown 
by slickensides and brecciation of quartz veins, the later movements being 
weaker than the earlier ones. The mineralization accompanied the later 
movements. 

The mineralization and the associated movements in the Burrundie area 
may be summarized as follows: 

1) Folding of grey siltstones with the formation of an anticline. Forma- 
tion of tension fractures in the crest of the anticline; cross faulting in the 
anticline. 

2) Injection of quartz along tension fractures and the larger cross frac- 
tures in the crestal part of the anticline. 

3) Mainly horizontal movements in the basement causing shearing in 
the overlying sediments with shear and tension fractures in the crest of the 
anticline and brecciation of quartz veins. 

4)Intrusion of hematitic solutions into the brecciated quartz veins and 
tension fractures. 

5) Slight shearing along the cross-fractures. 

6) Radioactive mineralization of the crestal part of the anticline, the 
mineralization favoring the regions of strongest fracturing and the inter- 
sections of the northeasterly trending cross fractures with the crest of the 
anticline. 

7) Hydrothermal alteration of some parts of the crest of the anticline 
contemporaneously with the mineralization (6). 
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It should be noted that the brecciated quartz veins are not radioactive ; 
only the highly fractured gossan is radioactive. From this it is seen that 
the porosity or degree of fracturing of the vein material has a definite in- 
fluence on the distribution of radioactive minerals in the Burrundie Uranium 
prospect. Hart and Hetland (3) have made similar observations in Mohave 
County, Arizona; they say: “When uranium occurs in a vein a definite 
porosity is noted, and where a decrease or absence of radioactivity is apparent, 
the vein matter is tight or not shattered.” Thus the shattering of the rocks 
is seen to be an important factor in uranium mineralization. In the Bur- 
rundie area the anticlines were fractured during folding, but subsequent 
shattering by shearing movements was important in the mineralization of the 
anticline. 

Since the shearing of anticlines in rocks belonging to the Lower Pro- 
terozoic Brock’s Creek Group is so closely connected with uranium mineraliza- 
tion in the Northern Territory the presence of this structural feature was 
suggested by the author as a reliable guide in prospecting for uranium. In 
1954 this led to the discovery by the author of the George Creek Uranium 
Prospect, which is situated 63 miles south-south-east of Darwin and 8 miles 
south of Adelaide River (7). The country rock consists of greywackes and 
siltstones of the Brock’s Creek Group, showing cyclic sedimentation and com- 
mon slump structures. Coarse greywackes grade into fine greywackes and 
siltstones, and banded light and dark grey siltstones are intercalated with 
them. 

George Creek Prospect—The George Creek Uranium Prospect is situated 
on the side of an anticline trending approximately north-south, which has been 
sheared along its length, the east side moving north and the west side south. 
Characteristic tension and shear fractures are present. Uranium mineraliza- 
tion has favored tension fractures in the strongly shattered siltstones. Pitch- 
blende has been encountered in the tension fractures and it is from these 
fractures that uranium has been introduced into the banded siltstones with 
partial replacement of beds. Here again in the George Creek Uranium 
Prospect, strong shattering caused by folding and strike-shearing has favored 
uranium mineralization. The main trends of this fracturing are shown on 
the surface geological map of the prospect (Fig. 2). 

Another uranium prospect that belongs to the same type is the Brock’s 
Creek Uranium Prospect located 80 miles SE of Darwin and 26 miles SE of 
Adelaide River in the “gold-zone” of Sullivan and Iten (8). It is located on 
a strike—sheared anticline intruded by amphibolite. The north-eastern side 
of the anticline has moved to the NW and the south-western side to the SE, 
the movement being accompanied by strong fracturing and shattering. The 
rocks exposed at this prospect belong to the Lower Proterozoic Brock’s 
Creek Group. 

Conclusion.—In the present paper the author has attempted to interpret 
the association of uranium mineralization with sheared anticlines in the 
northern part of the northern Territory. He believes that movements of 
crustal blocks in this area have been caused by bathyrheal underflow and that 
these movements favored uranium mineralization in the resultant structural 
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features. Consequently, future search for uranium should be concentrated 
on such structural features as sheared anticlines. 


NEDLANDs, W. A., 
AUSTRALIA, 
Aug. 15, 1956 
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ABSTRACT 


A truck-mounted spectrographic laboratory has been designed and built 
by the U. S. Geological Survey to investigate the feasibility of using and 
transporting such equipment in the field as an aid in supplying rapid on- 
the-spot analytical data to geochemical exploration field parties. 

The laboratory is housed inside a 7- X 12-foot insulated and air-con- 
ditioned van-type truck body and carries complete equipment for making 
qualitative, semiquantitative, and quantitative analyses of geological 
materials. The spectrograph is a fixed-position 1.5-meter grating instru- 
ment of the Wadsworth type which records a range of spectra from 2063 
to 4837A in the second order on a 20-inch strip of film. Companion units 
are a projection type comparator-densitometer, a film processor, and other 
accessory equipment. Trailer-mounted motor-generators supply 230 volts 
d-c for the arc source unit and 115 volts a-c for lights and accessories. 

Since its completion in May 1955, the truck-mounted laboratory has 
been driven over 4,000 miles. During this travel all the equipment re- 
mained in good adjustment; the laboratory was made ready for operation 
in less than 2 hours after arrival at the site of a field project. 

Because of the large number of elements that can be determined from 
a single spectrogram, the truck-mounted laboratory is useful in the early 


1 Publication authorized by the Director, U. S. Geological Survey. Presented before the 
Geological Society of America and the Society of Economic Geologists, New Orleans meeting, 
November 1955. 
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stages of a geochemical exploration project to determine diagnostic suites 
of elements, and later, to guide the day-to-day sampling. 


INTRODUCTION 


GEOCHEMICAL prospecting techniques are in common use today in the search 
for concealed mineral deposits. These techniques usually require that a large 
number of samples be analyzed quickly, and preferably during the geochemical 
survey so that any geochemical anomaly present may be known and evaluated 
at once. Rapid and inexpensive analytical methods for determining traces 
of metals are essential, and portability is a desirable feature of such methods 
because geochemical exploration programs are often hampered by the lack 
of rapid, on-the-spot analytical data, especially in the earlier phases of such 
programs. Portable analytical equipment and procedures that can be used 
near the site of the sampling program allow the field men to receive data on 
the metal content of their samples promptly and permit more efficient planning 
of the day-to-day collection of samples. To date, in the United States, most 
of the portable analytical methods are chemical procedures that were de- 
veloped especially for use in geochemical prospecting (3). These methods 
have been largely responsible for geochemical prospecting attaining the status 
of a recognized and successful exploration tool. 

Geochemical prospecting is relatively new, and as is so often true of a new 
technique, it is still largely empirical in nature. Thus, before embarking on 
any major geochemical survey, preliminary orientation studies are almost 
mandatory in order that diagnostic suites of elements be determined and other 
geochemical and sampling problems evaluated. It is not necessarily true, for 
example, that the sought-for metal in a deposit is the one that will be the most 
valuable in deciphering the geochemical dispersion pattern. 

Spectrographic methods of analysis are most useful in the orientation 
phases of a geochemical program when the diagnostic elements are not yet 
known with any degree of certainty, because many elements can be determined 
from a single sample with little more effort than that required to determine 
one. They should also be the most enconomical in those surveys where each 
sample must be analyzed for a considerable number of elements. The chemi- 
cal methods developed for use in geochemical prospecting are less generally 
useful and more tedious in this phase of the project. 

Spectrographic methods have played a minor role compared to the wet 
colorimetric methods of trace analysis in geochemical surveys in this country, 
but in the Union of Soviet Socialist Republics and the Scandinavian countries 
spectrographic procedures were used extensively in the early geochemical 
prospecting work carried on prior to World War II. 

Scientists of the Union of Soviet Socialist Republics also pioneered in the 
development of mobile spectrographic laboratories for accompanying and servic- 
ing geochemical prospecting parties. In 1939 Ratsbaum (4) mentioned that 
two types of spectrographic laboratories had been used in the field by Soviet 
geochemists since 1935, and stated that the organization of a mobile laboratory 
mounted on a truck was entirely feasible. He listed the equipment required 
but gave no details about actual organization and arrangement of the equip- 
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ment in the truck. Although it is to be expected that Soviet geochemists 
have continued the development of mobile spectrographic laboratories, no 
recent information is available about their activities in this field. 

In 1952, H. E. Hawkes, then Chief of the Geochemical Prospecting Sec- 
tion of the U. S. Geological Survey, proposed that the Survey investigate the 
applicability of spectrographic procedures to the field of geochemical prospect- 
ing. To facilitate this study, plans were made to construct a mobile labora- 
tory that could be driven to the vicinity of field operations and used there for 
servicing geochemical prospecting field parties. This laboratory was com- 
pleted in May 1955 and first tried out in the field in June 1955. The results 
of experience with this unit between June and December 1955 were con- 
sidered favorable enough to warrant publication of a report covering a descrip- 
tion of the equipment and its performance in the field. The spectrographic 
methods used will be described in a separate publication. 

As no discussions of theory and general principles will be included in this 
paper, readers who are interested in the basic theory and the applications of 
spectroscopy are referred to Harrison, Lord, and Loofbourow (2), and 
Ahrens (1). The reference to Harrison et al., covers the entire field of 
spectroscopy and discusses both basic theory and instrumentation. Ahrens, 
on the other hand, deals more specifically with the problems that arise in 
analyzing geological materials. 
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DESIGN CONSIDERATIONS 


The over-all aim in designing this laboratory was to place all of the equip- 
ment required to make qualitative, semiquantitative, and quantitative spectro- 
graphic analyses of geological materials into a truck that could be driven to 
or near the base camp of the geochemical prospecting field project so that 
rapid on-the-spot analytical services would be immediately available. Such a 
mobile laboratory would be most useful if it were completely self-contained 
and capable of operating for appreciable periods of time without benefit of 
such urban facilities as power and water supplies. This aim was achieved and 
the present laboratory can be operated in remote areas for long periods, pro- 
vided supplies of gasoline can be received periodically. 

The design problem consisted of two separate phases: first, suitable items 
of equipment had to be obtained ; and, second, these items had to be arranged 
and mounted in the truck so that they would be protected from shock and 
vibration damage while the truck was moving. 

The basic criterion in selecting equipment for this unit was to produce a 
spectrographic laboratory at a minimum cost consistent with obtaining the 
analytical precision considered necessary for most geochemical prospecting 
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surveys. No attempt was made to design a laboratory that could compete in 
precision and accuracy with the elaborate spectrographic equipment found in 
many stationary laboratories. Rather, we envisioned a unit that would be 
the spectrographic analog of the chemical field methods developed by the 
Geological Survey to meet the practical requirements of geochemical prospect- 
ing. Similarly, the methods used in this mobile laboratory were engineered 
and adapted for use under field conditions by sacrificing some precision and 
accuracy in favor of speed, simplicity, and economy. 

It was also obviously desirable that the spectrographic equipment and 
other components should be standard items readily available from commercial 
manufacturers. Because of space limitations, the necessity for conserving 


water, and other factors, this desideratum was not always achieved, but the 
source unit for the arc was the only major item constructed in its entirety. 
A number of major items of equipment, such as the spectrograph and film 
processor, that were modified by the manufacturer to meet our requirements 
have since been placed on the market in their modified form. 


DESCRIPTION OF LABORATORY 


The laboratory is housed inside a standard but specially insulated 12-foot 
van-type truck-body mounted on a standard 2-ton truck chassis. Electrical 
power for the laboratory is supplied by two motor-generator plants that are 
mounted on a small 2-wheel trailer which is towed by the truck. Figure 1 
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shows an exterior view of the laboratory truck, and Figure 2 shows the 
mobile electrical power plants. 

Truck Body.—A standard 12-foot van body was modified by placing two 
inches of fiberglass insulation along the sides, ends, and ceiling to help main- 
tain a controlled temperature under varying climatic conditions. This in- 
sulation is covered by panels of plywood. 

A 1/2-horsepower room-type air conditioner is mounted in the upper 
left forward end of the body. A corner of this unit is visible above the truck 
cab in Figure 1. This unit was installed to allow the laboratory personnel 
to work efficiently in hot areas and not for maintaining the spectrographic 


Fic. 2. Mobile electrical power plants. 


equipment at a constant temperature. The unit can be set to bring in fresh, 
filtered outside air, either cooled or uncooled; to exhaust room air to the 
outside ; or provide maximum cooling by recirculating and filtering the inside 
air. A portable electric heater is used during the winter months to heat the 
interior of the body. 

Mobile Electrical Power Plants—The electrical plants consist of one 
5-kw 230-volt d-c generator, and one 3.5-kw 115-volt 60-cycle a-c generator. 
Each generator is driven by a 4-cylinder water-cooled manual-start gasoline 
engine. Both generating plants are equipped with automatic voltage regu- 
lators that limit voltage fluctuations under normal load conditions to within 
about 5 percent of the rated output voltage. Both plants are also equipped 
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with weatherproof metal housings, oil filters, and air cleaners, which permit 
operations under adverse weather conditions. Running-time meters on each 
plant record the time operated. Each unit is provided with 100 feet of cable 
to connect it with the appropriate circuit within the truck. Different types of 
polarized plugs are used to prevent the interconnection of the 230-volt d-c 
generator and the 115-volt a-c truck circuit. The 230-volt d-c plant is used 
mainly for supplying power to the arc source unit, although a number of minor 
accessory items such as the laboratory oven and mortar grinder operate on 
this voltage. The 115-volt a-c plant supplies power for the lights and the 
majority of the accessories. 

The two electrical plants are mounted on a 2-wheel steel-bed trailer of 
l-ton capacity. A 55-gallon gasoline drum, which holds the gasoline supply 
for both plants, is mounted between the units in such a manner that it can 
be removed to provide access to the generating plants. The load on the 
trailer is so well balanced that two men can easily move it on level ground. 

Electrical Circuits —The laboratory is equipped with both 230-volt d-c and 
115-volt a-c electrical circuits, which are placed inside the thin-wall electrical 
conduits mounted on the plywood panels. Outlets are located at appropriate 
intervals and different types of plugs and sockets are used on each circuit to 
prevent connection of 115-volt equipment to the 230-volt line, and vice versa. 
Both circuits contain a third wire that is used as a ground connection. This 
wire is connected to a heavy copper ground rod carried on the power trailer. 
This rod is driven into the earth when the laboratory is operating. All major 
accessories have been equipped also with a ground wire so that connecting 
any such accessory to an electrical circuit grounds it automatically. 

An instrument panel containing voltmeters and ammeters for both circuits 
is located on the rear wall just above the work bench to permit convenient 
checks of the voltage and current in any circuit. In an emergency, all power 
can be cut off from both circuits by main switches located on the rear wall 
panel. 

Arrangement of Equipment.—The general arrangement of the laboratory 
is shown in Figures 3, 4, and 5. A work bench, 21 inches wide, and 31 
inches from the floor, extends along the entire left side of the truck interior. 
Two working sites are provided at this bench, one at the extreme forward 
end, extending underneath the air conditioner, and the other at the rear by 
the door. Electrodes are loaded, and samples and standards are prepared in 
the forward location out of the way of traffic between the arcing bench of the 
spectrograph and the darkroom door. Directional fins on the air conditioner 
can be adjusted to deflect the flow of air away from this area to avoid inter- 
ference with weighing operations. The rear working location is used for 
examination of films, preparation of reports, and other miscellaneous paper 
work. A small electric oven and a motor-driven mortar grinder are mounted 
on the bench above the water tank. A storage compartment is mounted on 
the side wall above the oven and mortar grinder. 

A stainless steel 70-gallon water tank, 38 x 21 xX 20 inches, rests on the 
left wheel-well under the center part of the bench. This tank supplies water 
to the darkroom for film washing. A 50-gallon auxiliary water tank, 22 x 
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48 x 11 inches, is mounted beneath the floor in the left forward corner. 
Baffle plates in both tanks minimize surging of the water during travel. The 
total 120-gallon capacity of these two tanks permits the laboratory to operate 
for extended periods before additional water supplies are required. Both 
tanks full of water serve to balance the weight of the spectrograph and other 
heavy items, which are mounted on the right side of the truck. The weight 
distribution becomes important when the unit is moving over high-crowned 
roads. 

On the right side of the truck, the spectrograph is mounted 50 inches above 
the floor on a wedge-shaped bench. One corner of the spectrograph projects 


Fic. 5. Optical bench and control panel. 


into the darkroom through a light-tight opening in the darkroom curtains. 
The optical bench and control panel for the arc source unit are located in the 
right rear corner of the truck. Much of the wiring of the source unit is placed 
behind the control panel beneath the arcing bench; however, the major banks 
of heat-producing resistors are mounted in a separate compartment located 
beneath the truck floor and opening to the outside. The arc fumes are ex- 
hausted through an opening in the wall just below the truck roof by a small 
fan in a canopy hood fastened above the arc stand. The comparator-densitom- 
eter is on a lower table beneath the spectrograph. 

The darkroom is in the right forward corner of the truck and is partitioned 
from the remainder of the interior by light-tight curtains. Inside the dark- 
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room, a bench along the right side holds a film processor on one end and a 
small cup sink and faucet at the other end. A combination water cooler-re- 
frigerator provides cold water for the film processor and refrigerated storage 
for film. 

Spectrographic Equipment.—In 1952 when the initial plans were made to 
construct a mobile spectrographic laboratory, procurement of a suitable 
spectrograph was the first problem that had to be faced. Although prism 
spectrographs are sometimes considered to be more rugged and portable 
than grating instruments, a consideration of the relative merits of grating and 
prism spectrographs left no doubt but that a grating spectrograph would be 
the most suitable instrument for the mobile laboratory. Harrison et al. (2, 
p. 27-50) give an excellent discussion of the various factors that have to be 
considered in making such a choice. 

The spectrograph had to be small and light enough to be mounted in a 
truck, and yet have adequate dispersion and resolution to permit the analysis 
of the complex spectra emitted by most types of geological materials. A plate 
factor of 7A per mm was set as the minimum dispersion that would be satis- 
factory. Moreover, it should permit the photographing of a range of spectrum 
from about 2,200 to 4,800A in a single exposure, because the sensitive lines 
of the majority of elements usually determined in geological materials fall in 
this region. Other factors considered in the selection were lightness, compact- 
ness, rigidity, and cost. Although not essential, a stigmatic mounting of the 
grating was considered more useful than an astigmatic one, because such a 
mounting permits the use of a number of effective methods of photographic 
photometry not possible with’an astigmatic mounting, but useful in quantita- 
tive spectrographic analysis. 

Spectrograph and Direct Accessories—A survey of spectrographs avail- 
able commercially in 1952 revealed that no one instrument would completely 
meet all of the requirements considered essential for a truck-mounted instru- 
ment to be used in the analysis of geological materials. However, one instru- 
ment did meet most of the qualifications except that of wavelength coverage. 
This was a small, compact, fixed-position spectrograph employing a 1.5-meter 
replica grating in a Wadsworth stigmatic mounting, which recorded the 
spectral region from 2,100 to 7,800A in the first order, and 2100 to 3900A in 
the second order with plate factors of 10.9A per mm and 5.45A per mm, re- 
spectively. Consultations with the manufacturer of this instrument indicated 
his willingness to modify this item to meet our requirements. Accordingly 
one of these instruments containing a 15,000-line-per-inch original concave 
grating was supplied with a modified frame to cover the wavelength range 
from approximately 2,050 to 4,850A in the second order on a 20-inch length 
of film. To avoid the difficulty of overlapping orders, some consideration 
was given to obtain this wavelength coverage in the first order by using a 
30,000-line-per-inch grating, but uncertain availability of 30,000-line-per- 
inch gratings ruled against further consideration. Also, the use of a 15,000- 
line-per-inch grating makes available, if needed, a wavelength range of from 
4,100 to 9,700A in the first order; this permits the use of the most sensitive 
lines of a number of elements, notably the alkali metals, that lie in this region. 
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Ordinarily, however, very little of the first order spectrum is recorded when 
“unsensitized” photographic emulsions are used, e.g., those that are insensi- 
tive above about 5,000A. The third order spectrum up to about 3,225A is also 
recorded but this overlapping ordinarily causes little inconvenience. 

The instrument as received proved to have an exact wave-length coverage 
of 2,063 to 4,837A in the second order (4,126 to 9,674A in the first order). 
The 15,000-line-per-inch original concave grating with which it is equipped 
is of good quality and gives a well-defined and clean spectrum of uniform 
speed throughout the second order. The manufacturer reported that when 
the second order spectrum was examined under an 80-power microscope, his 
tests indicated that it was possible to resolve the two lines of the iron 3,100 
“triplet” that have a separation of 0.07A. Our own tests have shown that 
the instrument is also very fast, a 3-second exposure being sufficient to produce 
a strong spectrogram of the iron spectrum. 

The spectrograph is shown in Figure 4 and the optical bench section and 
the control panel for the arc source are shown in Figure 5. The instrument 
has a compact, rigid frame of welded steel plates and a sheet steel cover. It 
is 67 inches long, 37 inches wide at the filmholder end, and 10 inches high. 
The optical bench extends out about 13 inches. The film holder is designed 
to use a strip of 35-mm film, 21-1/2 inches long, which is loaded through a 
slot at one end. A dark slide permits the holder to be removed from the 
spectrograph and carried to the darkroom without danger of accidental ex- 
posure of the film. The filmholder is racked manually by a handwheel 
located at the front of the instrument near the slit. 

Direct accessories for the spectrograph, not all of which are used at any 
one time, include a 3-position fixed slit with slit openings of widths 10, 20, 
and 100 microns; 200-mm spherical quartz lens for focusing an image of the 
are on the collimating mirror; 50-mm spherical quartz lens for focusing the 
arc on the spectrograph slit ; are stand ; target and lens for aligning electrodes ; 
electromagnetic shutter and timer ; rotating sector mount with variable aperture 
and stepped sector discs; and filter assembly with combination 3- and 7-step 
rhodiumized neutral filters on quartz. 

As furnished by the manufacturer the instrument could be focused by 
manually moving the slit assembly back and forth in a draw tube. The slit 
aperture could be aligned with the grating rulings by rotating the slit assembly 
in the draw tube. In the early stages of this project, frequent adjustment of 
the slit assembly was anticipated. The mounting of the slit assembly, there- 
fore, was modified in the machine shop of the Geological Survey so that both 
adjustments could be accomplished accurately and reproducibly by lateral and 
tangential adjusting screws. The only other modification made to the spectro- 
graph was the installation of lock-nuts on the adjusting screws of the grating 
and mirror holders. 

Comparator-Densitometer.—As a companion unit for the appraisal and 
measurement of the spectrograms, a comparator-densitometer was obtained 
from the manufacturer of the spectrograph. This instrument is on a lower 
table beneath the spectrograph (Figs. 3 and 4). It projects images of the 
sample and master films side by side at 10-power magnification for qualitative 
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and semiquantitative analysis. Quantitative measurements of spectrum line 
density can be made by passing the projected image of a spectrum line across 
a fixed-width slit, beneath which is a barrier-layer photocell connected to a 
sensitive galvanometer. The galvanometer spot is projected onto a scale 
that is located directly above the projected spectra. A motor scan unit is 
provided for reading the transmission of the spectrum lines. Other adjust- 
ments include zero set, sensitivity and damping controls, and individual and 
combined film feed knobs. The top plate carrying the film stages can be 
rotated manually to align the spectrum with the slit. The instrument operates 
from the 115-volt a-c line through a voltage regulating transformer. 


Switches and rheostat — Resistances located 
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Fic. 6. Schematic circuit diagram of d-c are source. 


Arc Source Unit.—Because the laboratory would be used primarily to 
analyze geological materials, a source unit offering a wide variety of excita- 
tion conditions was not considered essential. The d-c arc has long been used 
by spectrographers for the analysis of rocks, minerals, soils, and related mate- 
rials, and such a source was chosen for the truck laboratory because of its 
simplicity, high concentrational sensitivity, adaptability, and low cost. 

Because the dimensions of the limited space available for the excitation 
unit dictated the size of the unit, no satisfactory commercially available model 
was found. Most commercial units are complex and costly units that offer 
a variety of excitation conditions not needed in this application. Therefore, 
a custom-built d-c source unit was constructed to fit in the available space. 
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This plan seemed to be more satisfactory than that of modifying the design of 
the laboratory to accommodate a commercial source unit. 

A schematic circuit diagram of this source unit is shown in Figure 6. The 
basic design of this circuit is well known and modifications of it are in use 
in a number of spectrographic laboratories. Essentially, the circuit consists 
of an arc operated by current from a 230-volt d-c generator with ballast re- 
sistances in series with the arc to achieve stability and provide a means of 
current control. A large choke coil is placed in series with the arc to dampen 
incipient oscillations caused by rapidly changing conditions in the arc column. 
This circuit provides from 3 to 21 amperes of current in steps of 3 amperes. 
Current selection is controlled by changing the number of calibrated resistor 
banks in parallel with each other, the changes being accomplished by means of 
6 toggle switches located on the control panel below the optical bench (Fig. 
5). In one of the resistor banks, a rheostat located behind the control panel 
has been substituted for one of the fixed resistances to provide a quick adjust- 
ment of the current, if required. This rheostat can also be used to provide a 
limited amount of manual current control during the arcing of a sample. 
This type of circuit has the advantage of allowing the current to be increased 
or decreased during the burning of a sample, because switching resistor banks 
in or out of the arcing circuit does not involve lines carrying more than about 
3 amperes. 

The 7 resistor banks are mounted in a small compartment located beneath 
the truck floor. Such a location was chosen to eliminate from the laboratory 
the considerable amount of heat emitted by these resistances. When the 
source unit is used, the door to this compartment is open to provide ventila- 
tion. The experience to date has been that this compartment does not become 
unduly hot and forced ventilation has not been necessary. 

The voltmeter and ammeter are on the rear wall behind the optical bench, 
directly above the target screen used to maintain the alignment of the elec- 
trodes during arcing. Prior to starting the arc the voltmeter records the 
open line voltage of the d-c circuit, and after the arc is ignited, the voltage 
drop across the arc gap. The ammeter records the current flowing in the 
arc circuit. The location of these two meters behind and above the target 
screen facilitates the correlation of the arc current and the voltage drop across 
the arc gap with the image of the arc on the screen. 

A safety circuit is provided that prevents the electrode holders from being 
energized until the arc stand door is closed. Thus, should the are be ex- 
tinguished inadvertently during a burn and the operator fail to disconnect 
the main switch before attempting to change electrodes, he is protected from 
electrical shock because the opening of the arc stand door cuts off the power 
from the electrode holders. A large red pilot light at eye level on the wall 
behind the optical bench is another safety device to indicate if the main switch 
is in the “on” position. 

Darkroom and Film Processing Equipment.—The darkroom in the right 
forward corner is separated from the remainder of the interior by two layers 
of black plasticized material. Wooden baffles provide a light seal at the top 
and bottom, and one enters the darkroom through overlapping drapes of the 
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plastic material. One corner of the spectrograph projects into the darkroom 
through an opening in the curtains; the junction of the material with the 
spectrograph is sealed by strips of cloth tape. All development and film 
loading can be carried out in complete darkness. 

The film processing unit is a completely self-contained bench model which 
has tanks for developer, fixer, short stop and wash water, and a heated com- 
partment for forced-air drying of film. The tanks containing these solutions 
are immersed in a thermostatically controlled water bath that maintains the 
temperature of the solutions at the selected value. The temperature of this 
bath is controlled by regulating the inflow of cold water and by adjustment 
of the thermostat that controls the heating element. The unit contains a 
built-in timeclock that rings a bell at the end of the selected development 
period ; it also has an automatic timer to control the drying of the film in the 
forced-air compartment. In the standard model of this film processor, film 
is washed by means of continuously running tap water. Because of the 
limited supply of water in the truck, the processor used in the truck was 
modified by the manufacturer to provide the wash water tank with agitation 
similar to that in the developer and fixer tanks. The fixed film is washed 
with several changes of water. 

Cold water for the constant-temperature bath in the film processor is sup- 
plied by a combination water cooler-refrigerator. To conserve water, the 
cold water from the reservoir in the water cooler is pumped to the film 
processor by a small centrifugal pump, and returns to the water cooler by 
gravity flow. The top of the unit is covered by a metal plate, which is used 
as a table for loading the film holders. The refrigerated compartment is used 
for the storage of film. Insulation and ice cubes frozen in the freezing coils 
of this section during use help to maintain a cool temperature when the unit is 
shut down at night. The film is protected from melt water from the freezing 
coils and changes in humidity by being stored in tight metal cans, but it has 
been the practice to remove new film from refrigeration at least a day before 
use to permit the emulsion to reach equilibrium with the temperature and 
humidity of the field station. 

Water for film washing and other uses is supplied to the faucet by a second 
centrifugal pump from the large water tank over the left wheel-well. Waste 
water is discharged directly to the ground through a pipe and trap beneath 
the cup sink. 

Considerable storage space for supplies of chemicals and solutions is avail- 
able beneath the processor bench. A supply of demineralized water for 
making up developer solutions is also carried here in plastic bottles. 

Accessories.—A tank-type vacuum cleaner is mounted on the right wheel- 
well beneath the densitometer table. Its main use is to clean the electrode 
holders and interior of the arc stand between samples to prevent the con- 
densed residue from one sample contaminating the next sample. 

An electrode shaper is available for the fabrication of special electrode 
shapes desired for specialized applications, but is not otherwise used, because 
preformed electrodes aré satisfactory for the routine methods. 

A 50-mg torsion balance is used to weigh out the requisite amounts of 
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sample and graphite powder used in the routine analytical scheme. A specially 
fabricated thin sheet aluminum weighing pan facilitates the transfer of this 
charge to the cavity of a preformed electrode. 

Other accessories carried as a part of the laboratory equipment include a 
drying oven, electric heater, mortar grinder, agate and ceramic mortars of 
various sizes, and a ceramic buckboard and muller. 


PROTECTION OF EQUIPMENT AGAINST VIBRATION AND SHOCK 


As suggested earlier, much thought was given to the problem of how to 
mount and arrange the laboratory equipment in the truck so that it would be 
protected against road shock and vibration that might damage it or throw 
it out of adjustment. Protection of the spectrograph and densitometer was 
the most critical. The scheme finally adopted for both these items was to 
mount them on rubber shock mounts of suitable capacity and design. The 
flexible mountings used, in addition to securing both items to their respective 
tables, not only protect them against steady vibration but also cushion severe 
shock loads. This system has proven fully satisfactory. One of the spectro- 
graph mounts can be seen in Figure 5. 

The combination water cooler-refrigerator is bolted directly to the floor in 
accordance with the recommendation of the manufacturer who believed that 
the regular motor shock mounts would be sufficient to protect the unit. 

When the truck is set up in a new location, a screw-type house jack is 
placed under each corner of the truck body to lift the laboratory off the truck 
springs and thus minimize the vibration caused by movement of personnel in 
the truck that might interfere with weighing operations or measurements with 
the densitometer. These jacks are also used to level the body of the truck. 

All of the drawers and storage compartments are lined with sponge rubber 
or felt to protect the supplies stored in them. 

Items of equipment, such as the electric oven and film processor, that are 
not susceptible to shock or vibration damage are fastened directly to the floor 
or tables. 


REQUIRED PREPARATION OF LABORATORY FOR TRANSIT OR OPERATION 


Because most of the laboratory equipment is built in or permanently 
secured to tables and benches, little time is required to prepare the laboratory 
for transit. All of the large movable items such as chairs, file drawers, etc., 
are secured to the walls by springs, and the smaller miscellaneous items are 
stored in drawers or storage compartments. All drawers and sliding doors 
are secured with fasteners to prevent vibrating open when the truck is moving 
on the highway. The spectrograph and densitometer require very little 
attention to prepare them for movement. For the spectrograph, cover plates 
are placed over the openings to the grating and mirror and sealed to the 
housing with masking tape to prevent dust from collecting on the surfaces of 
the mirror and grating. The junction between the top cover plate and the 
main body of the spectrograph is sealed with tape, and a plastic cover is fitted 
over the 3-position slit. The arcing stand, which can be removed easily from 
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the optical bench by releasing one screw and disconnecting 3 electrical plugs, 
is also removed for transit. The densitometer is prepared by clamping the 
galvanometer suspension and fastening the film carrying stages down with 
straps. In the darkroom, solutions are removed from the film processor and 
stored in bottles, and the water level in the water cooler reservoir is lowered 
so that the motion of the truck will not cause any spillage. Cables from the 
mobile electrical trailer are disconnected and stored on cable reels on the 
trailer. The jacks are removed from under the truck and are stored on the 
trailer also. 

Preparing the unit for use is essentially the reverse of the above operations. 
When the laboratory is operating, the power trailer is located about 100 feet 
forward, or to one side of the truck. This arrangement minimizes both the 


vibration and noise that would result if this unit were mounted in or near 
the truck. 


RESULT OF FIELD TRIALS 


In June 1955 the truck-mounted laboratory was driven 525 miles to the 
East Tintic mining district near Eureka, Utah, for a tryout period of one 
week. Although there was a Geological Survey geochemical exploration 
drilling project under way in the area that welcomed the rapid on-the-spot 
analytical data provided by the truck, the main purpose of this trip was to 
find out how well the spectrographic equipment would remain in adjustment 
after being driven a considerable distance over roads. Secondary aims in- 
cluded the determination of the time required to prepare the laboratory for 
transit and use at a field location, possible improvements in type and arrange- 
ment of equipment, and optimum size of crew. Although it would have been 
possible to obtain the answers to some of these questions merely by driving a 
certain distance in the vicinity of Denver and then returning, such an arrange- 
ment could not substitute for taking the unit to a field project and operating 
in a location where well-equipped repair facilities were not readily available. 

Before leaving the Denver area a careful check was made of the condition 
and alignment of the spectrograph and densitometer optics. A number of 
alignment and focus films were taken which could be used after the laboratory 
had been established at the field location as a photographic check on any 
possible change in the optical alignment and appearance of the spectrum as a 
result of the trip. In addition, visual checks and measurements were made 
of such things as the focus of the arc on the collimating mirror, the alignment 
between the mirror and grating, and the location of the spectrum in the film 
aperture. 

The trip of 525 miles to the field location required approximately 20 hours. 
During the trip, both to and from the field area, no effort was made to pamper 
the equipment because of road conditions ; such equipment units, if they were 
at all feasible, should be capable of withstanding severe usage. 

Upon arrival in the East Tintic district, the unit was set up in an isolated 
area completely away from any urban facilities. In less than two hours the 
laboratory was ready for operation. Inspection of the equipment showed 
that all of it had survived the trip undamaged and appeared to be in good 
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operating condition. Checks were made of the spectrograph and densitometer 
optics by comparing the measurements with those taken in Denver prior to 
leaving. These showed that the grating holder had rotated slightly during 
the trip so that one end of the spectrum in the film holder was tilted approxi- 
mately 1 mm over a 20-inch strip of film. However, because this amount of 
rotation caused no visible change in the sharpness of the spectrum lines, no 
corrective adjustment was considered necessary. 

During the field trials the laboratory was operated by a crew of four. 
Although there are four working locations in the truck, some time was lost 
with this size crew, and we believe that a crew of two or three would be the 
most efficient and result in the greatest number of determinations per man-day. 

In the darkroom, no trouble was experienced in the processing of films. 
The time required for the processor to reach the desired temperature of de- 
velopment (20° C) generally averaged about 1 hour and was of course de- 
pendent on the room temperature of the laboratory at the time the power was 
switched on in the morning. More time was required when the initial tem- 
perature of the water bath was over 20° C than vice versa, because of the 
longer time required to cool the water in the reservoir. The flow of cold 
water was adjusted so that the heater in the processor operated only for a 
short period every 3 to 4 minutes. Once the film processor had reached the 
desired temperature and equilibrium was established, temperature regulation 
was such that the temperature of the processing solutions did not vary more 
than 1/2 degree from the selected temperature. After a period of use, some 
adjustment of the cold water flow was usually required, owing to an increase 
in the room temperature of the darkroom. During the tryout period the 
weather conditions ranged from cold and wet with maximum daytime tem- 
peratures in the low 40° Fs during the first few days, to hot and dry with 
maximum temperatures in the high 80° Fs at the end of the period. During 
the colder days the small electric heater was used to heat the interior of the 
truck. Conversely, the air conditioner was used during hot weather to make 
the interior reasonably comfortable even during the hottest part of the day. 
Cooling was most effective in the forward section of the truck, and less effec- 
tive at the back, especially when samples were being arced. 

After the truck laboratory had returned to the Denver headquarters, a 
thorough inspection of the laboratory showed that all components had sur- 
vived the return trip in good adjustment. The grating had not rotated any 
further and the quality of the spectrum was as good as before the field ex- 
cursion. 

In November 1955 the unit was first used to supply routine on-the-spot 
analytical data in support of a geochemical exploration field project in south 
Texas. On this trip the truck was driven over 3,000 miles. The usual 
checks of optical alignment were made both after the arrival at the site of field 
operations and after the return to Denver. No change in the adjustment of 
the various spectrographic components was detected. This confirmed the 
findings of the field trial in Utah, that spectrographic equipment and ac- 
cessories, when properly mounted and protected, can stand the rigors of 
highway travel. 
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The laboratory was initially set up for the determination of 33 elements: 
antimony, arsenic, barium, beryllium, bismuth, boron, cadmium, calcium, 
chromium, cobalt, copper, gallium, germanium, indium, lanthanum, lead, 
magnesium, manganese, molybdenum, nickel, niobium, scandium, silver, 
strontium, tantalum, thallium, tin, titanium, uranium, vanadium, yttrium, zinc, 
and zirconium. With the proper standards, the laboratory could be used to 
determine 35 additional elements that are capable of analysis in the d-c arc, 
e.g., aluminum, cerium, cesium, dysprosium, erbium, europium, fluorine, 
gadolinium, gold, hafnium, holmium, iridium, iron, lithium, lutecium, neo- 
dymium, osmium, palladium, phosphorus, platinum, potassium, praseodymium, 
rhenium, rhodium, rubidium, ruthenium, samarium, silicon, sodium, tellurium, 
terbium, thorium, thulium, tungsten, and ytterbium. With few exceptions, 

the sensitivity obtained on the truck-mounted spectrograph compares favor- 
ably with that obtained on large stationary models in the laboratory. For 
example, among the elements easily determined spectrographically, as little as 
0.0001 percent copper and 0.0001 percent silver can be determined in the truck 
laboratory. Among the elements for which spectrographic sensitivity is low, 
about 0.05 percent each of arsenic or zinc is the lower limit that can be de- 
termined. 

Although a reliable figure on the productivity of this laboratory will be 
obtained only after it has been completely staffed and this staff has completed 
a number of routine assignments, the output of the laboratory while in the 
field in Texas can be used as a rough approximation. There, one man made 
2832 semiquantitative determinations on 354 samples in 12 days, an average 
of 236 determinations per day. 

Samples collected by the field party were brought to the laboratory at the 
completion of a day’s sampling and selected suites, designated by the party 
chief, were placed in an electric oven to dry. The next day these samples 
were prepared by one of the samplers in the party and delivered to the spectrog- 
rapher. Analytical results were routinely available to the party chief less 
than 48 hours after collection. Smaller groups of high priority samples could, 
of course, be analyzed in a much shorter time if desired. The availability of 
this on-the-spot data facilitated greatly the progress of the geochemical field 
investigations. 

Indicated Improvements.—The design of any new piece of equipment can 
always be improved after it has been in use for a time. The mobile spectro- 
graphic laboratory proved to be no exception because a number of improve- 
ments, minor in nature, were indicated as a result of the field trials. 

The darkroom part of the laboratory becomes excessively hot during 
periods of warm weather. This is mainly because this section is separated 
from the remainder of the interior by a curtain and contains a source of heat 
in the form of the heat exchanger of the refrigerator. The poor dissipation 
of heat from the exchanger, because of the close quarters, not only makes it 
uncomfortable for the personnel using the darkroom, but taxes the refriger- 
ating capacity of the water cooler; therefore, plans are being made to provide 
some ventilation of the darkroom. 

The electrical plants on the trailer are sturdy units and give no trouble. 


al 
; 
4 


306 CANNEY, MYERS, AND WARD 


We believe, however, that the substitution of a 5-kw model for the 3.5-kw, 
110-volt, a-c plant, would be a desirable change in the design of any future 
truck laboratory because the power demand on the latter plant occasionally 
equals the capacity. 

Although it is possible to do satisfactory visual matching of unknown and 
standard spectra using a 10-power magnification, we believe a somewhat 
greater magnification would result in less eye strain and permit more precise 
matching. Also, the experience gained during the tryout period indicates 
that the comparator-densitometer will be the limiting factor in controlling 
productivity under most conditions. Therefore, some consideration is being 
given to the desirability of obtaining a small portable comparator for visual 
matching only; the latter could be set up and used when the backlog on the 
regular instrument is too great. 

A second torsion balance for weighing out samples would be a desirable 
addition because the semiquantitative spectrographic method employed for 
routine analyses involves the weighing out of a 10-mg sample, mixing this with 
20 mg of graphite powder, and then loading the resulting mixture into a 
graphite electrode. The second balance would result in a more efficient utiliza- 
tion of the crew during the first day or two of a field assignment when the 
major tasks involve preparation of standard films in addition to preparation 
of unknowns. 

SUMMARY 


The feasibility of transporting and using spectrographic equipment in a 
truck-mounted laboratory has been demonstrated, although many of the fields 


of maximum usefulness of such laboratories are still to be determined. Be- 
cause of the large number of elements that can be determined from a single 
spectrogram, the truck-mounted laboratory is especially useful in the early 
stages of a geochemical exploration project to determine diagnostic suites of 
elements ; later, it may still be more efficient for guiding the day-to-day sam- 
pling than wet analytical methods, if many different elements are to be deter- 
mined. We believe that here is another tool for geochemical exploration 
which, under certain conditions, should provide the fastest and most eco- 
nomical way of obtaining needed data on the dispersion of traces of metals in 
geological materials. 


U. S. GEoLtocicaL SuRvEY, 
DENVER, COLORADO, 
Nov. 23, 1956 
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SCIENTIFIC COMMUNICATIONS 


THE COSMIC ORIGIN OF METALLOGENETIC PROVINCES 
A. C. SKERL 


It is postulated that at irregular and increasing intervals during the 
history of the earth there have been brief periods of intense bombardment 
by meteorites originating from the break-up of cosmic bodies of various 
composition. 

The target areas struck by metallic meteorites have developed into 
metallogenetic provinces either directly as sedimentary deposits or in- 


directly through assimilation, granitization and subsequent hydrothermal 
action. 


INTRODUCTION 


A study of a recent account of the present knowledge and theories con- 
cerning the origin of the earth by W. M. Smart gives the impression that the 
cosmologists are becoming more confused because each new physical fact that 
is discovered leads to the destruction or at least modification of one theory and 
the proposal of several others (1). The inherent nature of the problem is, of 


course, the reason for the perplexity, namely to find a satisfactory theory that 
will account for all known facts about the earth moved back in time some 
4,000 million years or more. 

As the cosmologists surround the problem with increasing amounts of 
higher mathematics, nuclear physics and newer theories of astronomy the 
geologist finds himself a puzzled onlooker. He wil) find however that it is 


generally accepted that: 


1. the earth passed through a wholly molten stage early in its existence. 


2. meteorites are the evidence that a cataclysm has shattered at least one 
solar body into fragments. 


The following discussion is largely based on these two statements. 


THE ORIGINAL EARTH 


It is customary to consider that the original molten mass solidified into a 
sphere of rock with uniformly layered shells around a central core accord- 
ing to the densities and freezing points of the mineral assemblages stable under 
the prevailing conditions. 

Subsequent localized melting of parts of the interior resulted in the phe- 
nomenon of intrusive rocks and their associated mineral deposits. With uni- 
form shells of rocks these intrusions and the mineral deposits would be ex- 
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pected to have a regularity of composition and distribution but actually they 
are scattered as groups in irregular and usually dissimilar areas. Hence the 
statement of Bateman “The fact of metallogenetic provinces is undisputable 
but their cause is a problem” (2). Again no two mineral deposits are alike 
and adjacent mineral districts can be surprisingly different. 

It is suggested that this heterogeneity of ore deposits and of their metal- 
logenetic provinces is primarily due to a cosmic origin for much of the metallic 
material. This is in direct contrast to the established theory that the metals 
are derived ultimately from deep below the crust. 


METEORITES 


The composition of meteorites varies from purely stone to purely metal 
(mostly iron with minor nickel) suggesting that they had a common source. 
They probably arose from the cataclysmic disintegration of a planetary body 
that for some reason became unstable. They are generally associated with the 
passage of meteors whose paths indicate that they belong to the solar system. 
Astronomers allow that a few may have originated outside of the solar system. 

Until recently it was thought that meteorites such as we know today have 
been falling on the earth for only a short period in geological time beginning 
in the late Tertiary. V. E. Barnes now reports evidence for the type of 
meteorites known as tektites occurring in the Eocene of Texas (3). 

The total amount of fragments from any given body flying through the 
solar system is gradually reduced as they are caught by the gravitational field 
of a planet or the sun and so absorbed. Thus the astronomers report that 
the comets whose paths bring them back near the earth at definite intervals 
are much smaller at each return. 

Spectacular meteorites weighing up to several tons have been described 
and some of them are exhibited in museums. The meteor crater in Arizona 
that is 4,000 feet across and 500 feet deep must have been formed by an ex- 
tremely large meteorite (millions of tons are suggested by one authority) (4). 

Far more numerous however are those in the form of showers that are 
known to have covered as much as two million square miles as in the case of 
the australites which are small disk-shaped meteorites of glassy material that 
are found over a large portion of Australia. 

Another example, with which the writer is familiar, is the large area of 
southern Luzon in the Philippines in which spherical tectites up to four inches 
in diameter are found in the recent gravels. They consist of a black glass 
similar to, but distinct from, obsidian in composition. They are regarded as 
meteorites by Dr. Otley Beyer of Manila who is an authority on their oc- 
currence (5). The local people call them the “mother of gold” since they 
are often found in the gold placer deposits. 

In remote geological time there may well have been a number of planetary 
bodies of various compositions that became unstable and disintegrated. It is 
therefore conceivable that since the earth became a separate entity there have 
been a number of periods of meteoric bombardment of varying intensity and 
probably on a more tremendous scale in the very early periods. 

The numerous and extensive craters on the moon are regarded as possible 


ey 
P 
{ 
| 
to 
= 


SCIENTIFIC COMMUNICATIONS 309 


evidence of the enormous bombardment with meteorites that has taken place 
since the moon began to solidify some 4,000 million years ago. They have 
been preserved by the lack of an atmosphere to support the processes of 
weathering. 


FORMATION OF METALLOGENETIC PROVINCES 


During the early molten stage of the earth it is imagined that it would 
rapidly engulf and then incorporate the additions from outer space but as the 
viscosity increased with cooling so the dispersal would be less and the target 
areas would become enriched by the extraneous material. The composition 
of this introduced material would depend on that of the original body that 
became disintegrated, which could have been any of the elements in any pro- 
portions and combinations. At a later stage when solidification was sufficient 
for the successive processes of weathering, transportation, sedimentation, and 
deep burial any foreign material would either be dispersed or concentrated 
according to its nature and where it fell. Thus in a water covered area it 
would be concentrated as a layer in the sediments forming at that time. 

Eventually deep enough burial would lead to granitization and the subse- 
quent formation of the mineral provinces that we know today. Areas that 
escaped granitization and eventually re-emerged could become the so-called 
sedimentary ore deposits whose origin is so controversial. 


EXAMPLES OF SEDIMENTARY ORE DEPOSITS 


Rhodesia and Belgium Congo.—One remarkable fact about the Rhodesian- 
Congo copper belt is the variety of sedimentary rock types that are the hosts 
for the ore deposits. Another is the very limited time range represented by 
each host rock and the possibility that they belong to the same time range. 

During the past few years there has grown the conviction amongst Rhodes- 
ian geologists that the Rhodesian copper ores are syngenetic in origin but the 
manner in which they were formed is a subject of much controversy. 

The widespread nature of the ore deposits contrasted with their very 
limited vertical range and, therefore, the brief period of time for formation is 
a difficult situation to envisage by ordinary weathering processes. 

Garlick (6) has propounded a sensitive balance of special sedimentary 
conditions whereby the copper and other metals derived from the weathering 
of an old land surface were precipitated from solution by bacterial action. 
That these extraordinary conditions could be so widespread and yet limited to 
such a short period of time is difficult to concede. 

If a source outside of the earth is assumed in the form of one or more 
large meteoric showers then the limited time factor and variety of host rock 
can be reconciled. 

Much of the material would be in the form of dust and over water areas 
would become incorporated directly in the sediments. Much of that which 
fell near water would soon be swept into the sedimentary basin—in large 
amounts for a limited period and then the remainder would be rapidly diluted 
by the predominating rock debris. 
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The sulfide nature of the present minerals could be explained as either: 
a), the original form of the metals in the meteorites that was not changed on 
entering the earth’s atmosphere because it lacked oxygen in Precambrian times 
or, b), reduction by sulfur present in the sediments. 

Colorado Plateau.—Most of the uranium ore deposits of the Colorado 
Plateau are characterized by being localized in old stream channels. In their 
descriptions of the deposits writers have suggested various sources for the 
uranium—from detrital to hydrothermal but with little conviction. 

A meteoric source would provide heavy particles that would accumulate 
in the stream channels but would disintegrate on the adjacent temporary land 
areas of these lacustrine deposits. 

Blind River—rThe unexplained but presumably significant alignment of 
the uraniferous areas in the Blind River field of Ontario, in a belt that crosses 
the fold pattern, leaving large areas of otherwise favorable conglomerate host 
rock non-productive, could be due to an original shower of radioactive meteoric 
dust at the time of formation of the conglomerate. 


CONCLUSION 


The concept that meteoric showers in early geologic time have resulted in 
the metallogenetic provinces of today is at first startling but it does seem 
feasible. The theory offers an explanation for the haphazard distribution of 
mineral areas and for the controversial but important non-ferrous sedimentary 
ore deposits. 


1758 WESTERN PARKWay, 
Vancouver 8, B. C., 
Jan. 18, 1957 
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A CRITICAL EVALUATION OF THE CLASSIFICATION OF ORE 
DEPOSITS OF MAGMATIC AFFILIATIONS 


Sir: The following comments are inspired by A. D. Mutch’s article in the 
November issue of Economic GEotocy. 

From time to time the legitimate dissatisfactions inseparable from the 
Lindgren classification come to a head, and we are presented with a statement 
of its defects and some suggestions that are different, but rarely new. Some 
ideas, like those of J. S. Brown, present novel assumptions as to the genesis 
of ores; these serve the useful purpose of jarring our complacency. Others 
represent a resigned return to morphological description, and it is in this group 
that Mutch’s article falls. 

Field geologists will recognize that replacement and fracture fillings, lenses 
and stockworks, schlieren and saddle reefs, are not basic criteria for classifica- 
tion, but rather the end-products of more fundamental variables; pressure, 
temperature, and physico-chemical environment. The fact that the position 
of a deposit in a genetic classification is uncertain, or ambiguous, does not in- 
validate the classification itself. Lindgren viewed the T-P classification not 
as a finished work, but as an ideal to strive for ; one subject to constant modifi- 
cation by specific local evidence, and especially by field geology. Those critics 
who read Lindgren in the original, as I am sure Mr. Mutch has done, will 
frequently find their most valid objections directed not at Lindgren, but at 
the superstructure presented by Professor Graton. Most critics of Lindgren 
have had less field experience of mineral deposits than he, and those few whose 
knowledge of physics and chemistry surpasses Lindgren’s have inevitably done 
even less field study. Mr. Mutch is to be congratulated on his frank admis- 
sion of these limitations. 

Mutch’s eight criteria, several of which are further divisible, may prove 
useful as a graphic shorthand, but to envisage a classification based on eight 
variables is to regress and invite confusion. One may justifiably criticize the 
elusive T and P for varying within a single deposit, but, as they vary, six of 
Mutch’s criteria vary too, proliferating the chaos rather than eliminating it. 
Inversions of logic ensue, such as “the temperature of formation of a deposit 
was dependent on the economic mineral that was present” (p. 677), as much 
as to say the product is the cause of the agent. 

How are we to interpret the desire for a “less infallible descriptive term” 
(same page) ? 

“Sometimes these cogitations still amaze 
The troubled midnight and the noon’s repose” 
—T. S. 

Mr. Mutch wishes to free his data-sheets from theoretical considerations, 

yet he leans heavily on “magmatic affiliation” and “the standard paragenesis” 
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two terms so loaded with genetic implications as to have a mystical value for 
many geologists. One may hope for a measure of certainty in determining 
the temperature and pressure of formation of a granitic rock, but it takes a 
wealth of inexperience to label it magmatic or metamorphic with complete 
assurance, 

By all means let us guard our non-genetic terms unsullied, for factual de- 
scriptions, but not be misled into thinking that a cogent or meaningful classifi- 
cation can be based on them. 

RoBERT GREENWOOD 


UNIVERSITY oF HousToN, 
Houston, TExas, 
Dec. 1, 1956 


PROFESSIONAL ETHICS AND CONDUCT FOR 
ECONOMIC GEOLOGISTS 


The vastly expanded search for minerals, with a resultant increase in the 
ranks of economic geologists since World War II, coupled with the mushroom 
growth of uranium prospecting and development which involved the formation 
of scores of uranium companies and the offering of innumerable shares for 
public consumption combined to pose problems of ethical conduct on a scale 
not hereto encountered in the realm of Economic Geology. In view of this, 
in 1954 a committee was appointed by the then president of the Society of 
Economic Geologists for the purpose of studying professional ethics and con- 
duct to determine the desirability of a permanent committee on ethics, as well 
as a formal written code for the society. 

This committee, under the chairmanship of Harold Bannerman, consisted 
of R. N. Hunt, Ira Joralemon, William James, Hugh McKinstry and Olaf 
Rove. They served with commendable effort and efficiency. Their report 
was published in Economic Gerotocy, No. 5, in 1955. Briefly, they con- 
cluded that a permanent committee on ethics was unnecessary; also that 
spelled out rules of conduct would prove ineffectual. Instead, they recom- 
mended that the Council request certain members of the society to contribute 
articles on various phases of ethical conduct for publication in Economic 
Grotocy. This paper is in response to such a request. 

The founders of the Society wisely included the worthy generality in 
Article III of the constitution that one of the objects of the society was to 
“protect and maintain a high professional and ethical standard in the profes- 
sion.” In the relatively uncomplicated times when the society was formed, 
this stipulation doubtless sufficed—especially in view of the impeccable stand- 
ing enjoyed by the founding fathers themselves. However, in these more 
hectic days it is timely to appraise the situation with an eye to bringing back 
into focus the high principles that we in the society are proud to claim as a 
heritage handed down from and established by our distinguished predecessors. 

A wise and seasoned general practitioner recently remarked that to the 
pat saying “nothing is sure but death and taxes” should be added the word 
change. The observation is especially apt in appraising the expansion in 
economic geology since World War II. The ever increasing need for more 
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of almost every kind of mineral, coupled with the fact that obvious deposits 
having been found requires search at depth for hidden ores, has brought about 
the greatest upsurge in exploration in history. As a natural corollary, the 
ranks of professional geologists, as well as their activity, have increased to 
unprecedented scope. Inevitably, new technical problems are posed, and 
inevitably the old human problems are magnified. It is these problems of 
human relationships which are, I believe, more important than those involving 
scientific techniques. We Americans, especially, are adept at overcoming 
technological barriers. It is the other realm that merits our attention. 

While it may rightly be said that morals and ethics are somewhat de- 
pendent on geography, nevertheless, peoples of all places must learn to live 
together harmoniously or else they perish either by means of violence or emo- 
tionally. Granted, then, that harmonious relationships must be a universal 
goal, it follows that all peoples must establish a basis for these right relation- 
ships, which in turn depends on appropriate conduct based on an acceptable 
ethical standard. In our profession, such ethical standards of conduct, as they 
pertain to economic geology, may logically be grouped according to intra-pro- 
fessional, employer and public relationships. 

Inter-professionally, the complicated nature of today’s ore-finding tech- 
niques requires much teamwork, which demands that professional geologists 
subordinate to an extent their personal interests for the welfare of the group. 
In the budding era of mining geology, it was often customary for an erudite 
pundit (necessarily of strong personality) to expound his views on the worth 
of a property with vigor and with such assurance that these views were taken 
as gospel. In those days there were many Chiefs, but few Indians. Now it 
behooves us to have many Indians but few Chiefs. Today, prima donnas 
cannot be tolerated anywhere along the complicated chain of exploration, in- 
volving as it does teams beginning with the initial idea, the acquisition of the 
land, photogrammetry, the geological survey, photo-interpretative work, geo- 
chemical and geophysical surveys, climaxed by the final putting together of all 
scientific data by a coordinated team, the members of which must contribute 
in a spirit of cooperation if successful and rewarding results are to be obtained. 

In private companies, government agencies, or in the consulting field, the 
best policy to follow is the golden rule. As applied to economic geologists, 
it might be well to mention specifically three commandments the transgression 
of any one of which goes far towards lowering the standards of the profession 
both internally and externally. These are: thou shalt not gossip about thy 
colleagues, thou shalt not belittle thy colleagues, nor shalt thou underbid thy 
colleague. The first two admonitions need no amplification. In the case of 
the third, some explanation is in order. While it is conceded universally that 
it is unethical to underbid a professional competitor in an effort to get a job 
of routine consulting, it is quite in order to submit a proposal in response to 
a request for a large-scale operation, which proposal is on a recognized com- 
petitive basis. Also, consultants overseas in soft currency countries will 
perforce offer services at lower rates generally than those quoted from hard 
money areas. 

In mentioning fees, these appear, for consulting geologists, to fall into 
three categories. First, are those cloistered in our ivory towers. Their 
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competence is unquestioned and they are essential both to the profession and 
the industry. However, their cost of doing business, so to speak, is negligible. 
They have few overhead charges, such as rent, permanent staff, and no un- 
productive time between jobs. 

In the second category are some of our finest contributors to the profes- 
sion, namely, the single consultant, or the small partnership, men who are, 
one might say, self-employed. They may or may not have offices, but in any 
case their cost of doing business is relatively low compared to the third class, 
namely, the larger firms or corporations who must maintain a permanent staff 
of experienced personnel in order to be able to meet the demands of industry 
and governments for group service by highly trained technicians and scien. 
tists. Experienced staff men come high. They must be paid an annuai 
salary which is competitive with that in industry. Yet, the maximum amount 
of working time for such an individual is less than 270 days per annum. In 
addition must be considered the cost of insurance, pensions, and possibly some 
prerequisits so that in sum and substance a consulting firm these days to be 
prudent must add from 80 to 150 percent of a technical man’s salary for 
overhead—the cost of doing, or perhaps remaining in business in order to make 
available for a vital demand, teams of trained consultants. 

Those in category one may feel justified in charging a per diem fee of “X” 
dollars. Those in the second class may have to add “Y” dollars to take care 
of running expenses, while those in the third class are constrained to figure 
their fee at “X” plus “Y,” plus “Z,” the latter being the cost of doing business. 

As for the ethics of contingent interests, in these days of high taxes we 
are forced to take a second look at a practice which was once not exactly con- 
doned in the United States, although our friends north of the border have 
benefited abundantly along these lines over the years. 

The potential flaw, as I see it, which stems from a contingent reward, lies 
in the temptation to spend more of the principal’s money on a questionable 
prospect than might otherwise be the case. The advantage lies in greater 
incentive and effort on the part of the explorer coupled with a larger gain if 
successful. The ethical answer should be an arrangement whereby the em- 
ployed party forgoes part or all of his regular fee, thereby placing his interests 
in parallel with his principals. Also, in cases of contingent interests all those 
concerned are entitled to a full disclose of the facts of the arrangement. 

In the field of employer or client relationships, honesty and integrity with 
one’s employer go without saying. Loyalty to the employer is also essential 
not only during the term of the contract but afterward as well. Perhaps it is 
even more important afterwards than it is during the term of the contract. 
A professional geologist must consider that the work he does for a client or an 
employer belongs to the employer. The geologist, then, is a trustee in the 
matter of the knowledge which he has gained for the person who hired him. 
He has no right to divulge this knowledge either during the course of his 
employment or later without the consent of those who employed him during 
the time of his investigation. Even new ideas that he may develop about the 
district in which he is working do not belong to the geologist, but rather to 
the person by whom he is employed. It is unethical, then, to hold back on an 
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idea until one has ceased employment for a particular client or employer in 
order to bring this idea forth later for one’s own profit. 

Loyalty to a client, in fact, goes all the way except where dishonesty enters 
into the picture. No professional geologist is required to lower either his 
standards of ethics, or his own personal moral code, in order to satisfy the 
dishonest demands of an employer or a client. 

With regard to the public, it may well be said that these days the public 
not only deserves, but it expects, service. As herein defined, service means 
honest, useful conduct to others. The days are over when an economic 
geologist fulfills his obligations merely by adding his name to a report which 
merely gives a description of the geology along with a non-committal portion 
on the economic possibilities. The economic geologist now has the same 
position of stewardship which Herbert Hoover, in 1909, ascribed only to the 
mining engineer. His duty now transcends not only the factual reporting on 
quantity and quality of ore, known and potential, but he is obliged often, in 
the public interest, to state his appraisal of the economics of the enterprise 
under consideration. 

Nowhere has this more implication than during the uranium boom and 
bubble which fortunately terminated about the time of the Geneva Conference, 
giving place to a more sound climate for appraisal. The shenanigans which 
transpired in the early boom days were unfortunately not confined to the 
non-professional element, whereas the public, as well as the legitimate invest- 
ment concerns, had unprecedented need of sound advice and mature counsel. 
Notwithstanding, and despite the yeoman service done by a handful of honest 
professional stalwarts, to paraphrase a great Englishman, it may be fairly 
stated that never in the history of our profession have so many, clients and 
public, been so shabbily treated by so few self-styled uranium experts. The 
early history of the plateau boom constitutes, on the whole, a rather sorry 
chapter in our professional annals. 

Considering the complexity of modern-day exploration, involving as it does 
heavy investment in equipment in the case of photogrammetry, aerial geo- 
physical work and photogeology, it must be conceded that dignified advertising 
in these enterprises is consistent with good taste. It is, in fact, an essential of 
the free enterprise system for it stimulates honest competition with a resulting 
increase in efficiency. 

Perhaps the dictates of good taste would limit advertising to those who 
have large investments in equipment as against those who furnish purely 
professional services. In the latter cases, the usual card in professional 
publications should suffice. Certainly, in these days of prosperity, most pro- 
fessional men have more work than they can handle. Our problems are not 
those of advertising. 

In concluding these rather loosely put together thoughts on ethics and 
conduct, I again wish to commend the work of the committee which studied the 
subject so thoroughly, and to go on record as being in conformity with their 
conclusions and recommendations. 

Any attempt to spell out in detail a written code of ethics and conduct 
for an economic geologist would prove burdensome, indeed, and its ef- 


ag 
= 


316 DISCUSSIONS 


fectiveness would be questionable. Put in simplest terms, each one of us 
should evolve a code for his own personal ethics and conduct. Having once 
set up a credo that is above reproach, then we can do no better than to follow 
the admonition of Polonius—‘above all, to thine own self be true and it must 
follow as the night the day, thou canst not then be false to any man.” 

D. M. Davipson 


MINNEAPOLIS, MINNESOTA, 
Dec. 17, 1956 


THE ZONAL THEORY OF ORE DEPOSITS 


Sir: I have read with keen interest the paper by Charles F. Park, Jr., on 
the zonal theory of ore deposits, published recently in the 50th Anniversary 
Volume of Economic GEovocy. 

Lately I made a detailed investigation of depth changes in some ore veins 
of Pribram, Czechoslovakia, and a study of the literature on zoning, of which 
some important papers unfortunately were not known or available to Dr. Park. 
On the basis of my field and literature studies I feeel that I cannot agree, on the 
whole, with the following conclusions of Park’s study: 

1. Under the zonal theory, the deposition of similar minerals is explained as 
based upon temperature and pressure, but it also attempts to consider solubilities 
and other physical and chemical factors (p. 246). 

2. Conditions that determine the place of deposition also determine the order of 
deposition. The three subjects, the depth-temperature classification, zoning, and 
paragenesis, are dependent upon the same chemical-physical factors. They are ex- 
pressions of common phenomena ... (p. 246). 

The genetic conception of zoning, as presented by Park, by no means con- 
tradicts the conception of zoning in the sense of W. H. Emmons (4-7). 

From Emmons’ explanation, as well as from his Figure 1 (7) it is evident 
that he imagined the zoning as originating from universal solutions, which 
ascended without interruption * from individual magmas toward the regions of 
lower temperatures and pressures, and deposited their mineral contents suc- 
cessively in the form of mineral zones. 

Emmons’ theory has caused a double response in the geological world: 


1. Many authors started from the Emmons assumption of a single ore- 
bearing solution, and explained the zoning either directly according to Em- 
mons’ theory, or sought to explain it by the influence of other physical-chemi- 
cal factors. Most of this literature is quoted by Park. 

2. Other authors recognized in their detailed geological investigation of 
ore regions that the zoning cannot be obtained from a single continuing 
ascending solution. Rather they concluded that individual “ore formations” 
(e.g. 15, 16) or components of an ore deposit originated from separate parts 
of solutions whose ascent had been separated in time and whose composition 
changed with time. 


Some of these papers were known to Park, mainly F. Schumacher 1936, 
T. Watanabe 1943 and T. S. Lovering 1949, but had, however, no substantial 
influence on his conclusions. 


1S. S. Smirnov (16) referred to this in a similar way. 
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The interrupted ascent of solutions, caused by congestion and reopening 
of fissures, or formation of new fissures, has been available in the literature 
for a long time. This information was not used for the interpretation of zon- 
ing, but it was briefly noted by F. PoSepny (14), and by Berg’s (2) “rejuvena- 
tion,” and his later study in 1938; in more detail this phenomenon was noted 
by T. B. Nolan (12) and many other authors. This interrupted ascent of 
solutions was also recently discussed in detail by J. Kutina (10) and G. 
Tischendorf (17). 

F. Schumacher (15) stressed the fundamental significance of this process 
for the origin of individual ore formations in the Freiberg ore district, without 
generalization as to zoning phenomena.?” 

In opposition to the conclusions of W. H. Emmons the significance of the 
interrupted ascent of solutions for the origin of zoning was generalized in 1937 
by S. S. Smirnov (16), reverting to some observations and conclusions of L. 
Hills in 1915, A. Knopf in 1924, T. B. Nolan in 1935, O. Ross in 1935, and 
F. Behrend in 1936. 

Smirnov’s opinions have been followed or discussed in several additional 
studies on zoning of ore deposits (about 10 papers in Russian). 

During my study of vertical changes in ore veins of Pribram (especially 
the investigation of the Main Ethelbert Vein) I was able to find that the in- 
terrupted ascent of solutions, conditioned by reopening and refilling of fissures, 
played an important role in the origin of zoning (10). 

In contradiction to the Russian authors, who consider zoning in Smirnov’s 
sense (the so-called “pulsation zoning”) as the only kind of zoning, I think it 
also necessary to distinguish independently cases of zoning resulting in mineral 
products derived from the same solutions;* in other words to distinguish 
monoascendent and polyascendent zoning (9,10). A more detailed proposal 
of a classification of zoning together with a comparison with the existing clas- 
sifications will be presented by me in a separate paper. 

Park’s first cited conclusion might be restated as follows: 


The zonal theory explains the causes of zonal distribution of mineral ac- 
cumulations, as it appears, for instance, at the earth surface or with increasing 
depth in ore deposits. 

Or, if one desired to include other factors, it might be phrased as follows: 

Zonal theory is understood to be an explanation of zonal distribution of 
minerals, but it is necessary to include the influence of tectonic processes as 
well as of physical and chemical factors—both in space and time. 


I refer next to the second conclusion of Park, quoted above. 

One ¢annot agree with all three of the quoted sentences. Consider the 
first of them : “Conditions that determine the place of deposition also determine 
the order of deposition.” This conclusion could be valid only for monoas- 
cendent zoning. This has been, however, only slightly considered, and it is 
possible that its validity may be limited. It would be useful to verify this 
conclusion by means of more concrete cases, based on detailed field and labora- 


2 The origin of individual formations in the Freiberg ore district, in the sense of the inter- 
rupted ascent of ore-bearing solutions, has been confirmed also by new, detailed investigations by 
G. Tischendorf (17). 


31 refer to the paper of Y. A. Bilibin (3), who, however, distinguished three kinds of zoning. 
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tory investigation ; e.g., at the moment it is not clear to me if it will hold both 
in cases of deposition of a monoascendent filling of an area of a blind ore vein, 
and in cases where tectonic movements might cause suddenly leaking of gas 
components from solutions, owing to which other components will crystallize 
from the solution. 

However, this conclusion is by no means valid for cases of polyascendent 
zoning, which are common in nature. Here, after all, the place of deposition 
was determined in the first place by tectonic conditions, whereas the sequence 
of deposition was by physical-chemical processes! 

I might note some concrete examples : 


1. In the case of zoning described by G. M. Virovlyansky (18) galena ores 
were localized in the peripheral part of the area, because fissures were formed 
first in the center of the area and later in the periphery.‘ The place of deposi- 
tion was thus determined, first of all, by tectonic conditions. 

The sequence of deposition, i.e. galena being deposited as a younger com- 
ponent than pyrite-arsenopyrite ores (in the central part of the area), was, 
however, not conditioned tectonically. Solutions, from which pyrite and 
arsenopyrite ores originated, were no doubt of a different composition than the 
later solutions, which deposited galena. 

2. In the Main Ethelbert-vein of Pribram, the individual mineral accretions 
were localized, where re-opening of the fissure took place. If the physical- 
chemical conditions of the solutions were correct for calcite deposition, and the 
fissure was re-opened at shallow depth, calcite would be deposited here as it 
would if re-opening of the fissure took place at a depth of almost 14% km! The 
place of its origin was conditioned by tectonic factors. On the other hand, its 
place in the sequence of deposition (i.e. why, for example, earlier deposition of 
galena took place) is no doubt the result of complicated physical-chemical 
processes, owing to which the composition of individual parts of the solutions 
changed with time. 

There are many similar cases. 

In conclusion, I would like to express my full agreement with Dr. Park, in 
that both zoning and sequence of deposition of minerals must be studied simul- 
taneously. 

It should also be noted that the genetic conception of zoning, as presented 
by Emmons, which the conclusions of Park by no means contradict, has found 
no unexceptional, general recognition and active support among the chief 
representatives of economic geology, as may be seen, for example, from the 
well-known works by W. Lindgren (11) and A. M. Bateman (1, p. 274-5). 


Jan KutTIna 


Dept. oF GEOCHEMISTRY, MINERALOGY AND CRYSTALLOGRAPHY, 
CHARLES UNIVERSITY, 
PRAGUE, CZECHOSLOVAKIA, 
Dec. 6, 1956 
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4A penetration of pyrite- and arsenopyrite-bearing veins by galena veins has been found. 
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MINERAL RESERVES AND MINERAL RESOURCES 


Sir: In the Article entitled “Mineral Reserves and Mineral Resources” in 
Economic Grotocy for Nov. 1956, the authors, on behalf of a Committee of 
the Society of Economic Geologists, recommend for general acceptance the 
three category classification system for ore reserves proposed by Leith. 

There have been many definitions of the three categories made and all 
have obvious disadvantages when applied to certain cases. 

The categories are used to indicate various degrees of doubt as to the ex- 
istence or grade of the ore estimated and all definitions make some attempt at 
defining the actual measurements required to put ore into a category. Leith’s 
“proved or assured ore” is ore “blocked out in three dimensions by actual 
underground mining operations or drilling.” Yet exactly the same degree of 
blocking out or drilling will give widely different degrees of assurance in dif- 
ferent ore-bodies or even different parts of the same ore-body. Conversely 
widely different degrees of measurement will give equal assurance in different 
ore-bodies. 

What can you do with possible ore? Can you spend money on the strength 
of it? Ifso, how much? Or must you, as the authors state, bring it into a 
higher category by further development before considering it an asset? 

Under certain circumstances this last may be important. 
The mining taxation laws in Canada, for instance, allow a three year 
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period without taxes for new mines. From then on profits are taxed 
about 50%. 

The more that is known about a deposit before mining starts the greater the 
financial advantage that can be taken of this tax free period. Not more than a 
small proportion of the total ore in a mine is ever proved at the start, but it is 
obvious that, in Canada, probable and possible ore are an important considera- 
tion when planning the size of a mill. 

A suggestion made by Dr. C. O. Swanson for classifying reserves seems to 
have advantages over any of the three category systems so far proposed. (“A 
Perspective on Mining Geology” printed in the Canadian Mining and Metal- 
lurgical Bulletin for April 1949.) 

He suggests ; “For reserves that are reasonably certain the tonnage estimate 
could be supplemented by figures giving the likely errors, which would be 
readily obtainable, as a rule, from the results of local experience.” 

He gives an example of measured ore : “500,000 tons with a likely error of 
125,000, grade £ 10% metal with a standard deviation of three in the figure 
for the percentage.” 

Also he writes: “For reserves that are least certain, the existence of the ore 
is the critical factor in most cases and the description might be as follows: 

Prospective ore 1,000,000 tons probability 0.2. The meaning of this entry 
would be that there are two chances in ten of finding a million tons. Reserves 
of this type are important in formulating long term policies and represent an 
expectation of future profit that may justify some current expenditure as a 
reasonable bet. For the specific figures given above the size of the expenditure 
would be related to the profit on 200,000 tons of ore.” 

This is similar to the practice in mine valuation of discounting ore for risk. 

No attempt is made to define what degree of measurement is required for 
any probability. This seems realistic as every case is diffierent. 

Variation in the estimated grade of ore is something very different from 
variation in the tonnage. 

In the example of positive ore given by Swanson his tonnage might be 25% 
less than the figure given, and the grade given as 10% might be as low as 7%. 

This grade variation might be alright if the metal was copper or lead but 
in the case of zinc it might be that 10% was payable but 7% not, in which 
case his entire positive reserve might be non-existent. 

Similarly with the definition of measured ore suggested by the U. S. Bureau 
of Mines and the U.S.G.S., which ore can vary as much as twenty percent both 
in grade and tonnage. For quantity 20% seems reasonable but the grade of 
ore in any category can only vary a percentage well within the expected margin 
of profit or it may cease to be ore. 

The ore in most mines is sufficiently diverse in grade that it is possible to 
estimate a tonnage all of which is above a grade that is considered to be the 
economic cut off at the time. All ore could be given with a probability figure 
for tonnage, but with no qualification of the grade, as in Swanson’s example of 
prospective ore. 

I take the statement “there are two chances in ten of finding a million tons” 
to mean either or both of the following : 


3% 
| 
A 
a 
| 
on 
4 
OD 


DISCUSSIONS 321 


1/ If five similar geological situations are tested one of them is certain to 
produce a million tons of ore. 

or 2/ There may be as much as a million tons of ore but there is absolutely 
certain to be two hundred thousand. 


The second points to a method for describing all ore in terms of positive ore 
so that valid financial estimates can be made. 
An ore reserve estimate might read : 


Grade Tons Probability Positive ore 


? 100,000 0.9 90,000 
? 100,000 0.6 60,000 
? 100,000 0.2 20,000 


Total 170,000 Tons. 


If intelligently estimated, it seems to me that the 20,000 tons at the bottom 
is every bit as certain to exist as the 90,000 tons at the top so that adding them 
together is perfectly legitimate. 

This method of estimating reserves seems to have several advantages over 
that recommended by Blondel and Lasky. 

It is more flexible. All considerations of measurement, geology and ex- 
perience can be taken into account in deciding on the probability factor as well 
as in estimating the tonnage. Any number of categories can be used as cir- 
cumstances dictate. 

Possible and probable ores are given a numerical value on which realistic 
financial planning can be based. 

Telling the truth about ore reserves to the public is not easy. 

The average non-technical investor, being ignorant of the difficulties of 
computing reserves, tends to consider tons of ore in a mine, like cans of beans 
on a shelf. If he is told that there is a million tons, that is what he expects. 
He, in fact, only recognizes positive ore. 

If, however, he is only told of the positive ore, he is being misled by an 
underestimate. 

If he is given the three categories he will inevitably total them up and 
treat them as positive. He is then possibly being misled by an over-estimate. 

The only figure that means the same to both the engineer and the non- 
technical investor is the total of all ore suitably discounted by a probability 
figure. 

I personally would like to see some system based on the suggestions of Dr. 
Swanson, recommended for general adoption by the Society, rather than the 
three category system of Leith. 


Q. G. WHISHAW 


FRESNILLO, Zac., MEx., 
Jan. 11, 1957 
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URANIFEROUS MAGNETITE-HEMATITE DEPOSIT AT THE 
PRINCE MINE, LINCOLN COUNTY, NEW MEXICO 


Sir: G. W. Walker and F. W. Osterwald have described a unique uranium 
deposit in a recent issue of your journal (1). I can take no exception to the 
article itself, since I have studied no specimens from the deposit and because 
the photographs are not clear enough to warrant an opinion. Figure 2a, for 
instance, might as well (or even probably) indicate the product of groundwater 
alteration of pyrrhotite, as is shown in thousands of textbook type examples, 
and which is not at all surprising in a pyrometasomatic deposit. 

I must however comment on two points. 1. The reference to work by 
Meister (2) and by Berg (3) is misleading, since both reports have been com- 
pletely superseded by later information, a fact that was clear to Berg before 
his death. The magnetite-hematite ores of Schmiedeberg, long viewed as 
pryometasomatic (contact metasomatic—Kontaktmetasomatisch—in Ger- 
many ), have been definitely shown to be sedimentary ores that were thermally 
metamorphosed by the Riesengebirge granite. The uranium deposit in these 
ores is now known to be younger (probably much younger) than even the 
latest possible magmatic activities of the granite and it is only spatially and 
accidentally related to the granite. Its paragenesis, as far as the information 
has been developed in Germany, and which I have studied in detail, is entirely 
that of a normal Ni-Co-Ag-As-U vein, somewhat similar to Joachimstal, or, in 
view of the relative abundance of copper ore, to Great Bear Lake, or, in view 
of the occurrence of selenium, to the Goldfields district of Lake Athabasca. 
The mineralogy is complex, but the marked preponderance of Ni over Co is 
especially striking. Magnetite and hematite are only accidental gangue min- 
erals spalled from the wallrock. The earlier incorrect interpretations were 
based on incomplete observations that noted only the tiny, thin, anastamosing 
veinlets, and missed the main deposit from which the veinlets branch. 

2. As early as 1931, I (4) assumed, on the basis of Hiittig’s work (5), the 
formula 3Fe(OH), + O = Fe,O, + 3H,O for the low temperature formation 
of magnetite. It may however also form in other ways. Hoehne (6) and I 
(7) have described the very low temperature formation of magnetite in the 
Lothringen minettes, in which this mineral is locally very abundant. 

P. RAMDOHR 

HEIDELBERG, GERMANY, 

Jan. 17, 1957 
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Die Erzmineralien und ihre Verwachsungen. 2nd edition. By Paut RAMpDORR. 
Pp. 875; figs. 543. Akademie-Verlag, Berlin, 1955. Price, D.M. 


Ramdohr’s book on the microscopy of ores, the first edition of which was pub- 
lished in 1950, was a landmark in the development of a group of sciences and 
techniques applied to the metallic minerals. The present edition is a substantial 


improvement of the earlier one which was reviewed in this journal.1_ Other books 

dealing with the microscopy of polished sections are merely tables of certain 

properties and as such have been useful. The present book includes all such data 

and much besides. | 
The book is unique in the field of reference books on mineralogy in that it com- . 


bines an excellent account of physical properties, etch tests, and the like with some ' 
of the results of experimental investigations dealing with geochemistry, and a 
critical discussion of the relation of each mineral to its associated minerals (Ver- 
wachsung). In all, some 250 metallic minerals are covered. 

The book is divided into two sections: the major portion, 591 pages, dealing 
with systematic description and an introductory part of 219 pages which covers a 
wide variety of subjects from classification of ore deposits to classification of tex- 
tures. In this introductory section somewhat undue space may have been given to 
enumeration and classification but withal it contains much material of value to 
advanced students of ore deposits. The reviewer feels however that a number of 
sections of this portion of the book fall somewhat short of a sufficiently compre- 
hensive treatment and, if expanded, perhaps belong in a textbook of general 
economic geology rather than in a book primarily concerned with systematic 
mineralogy. 

The systematic, descriptive portion of the book covers the metallic minerals 
with the same arrangement as the earlier edition and has been thoroughly revised. 
Numerous changes and additions occur in the text and outstanding is the addition 
of 222 new illustrations of the total of 543. The quality of these plates is re- 
markable: the subject matter is good, the polish of the specimens is superb, and 
better paper than the former edition results in a photographic record of great value. 

As to some of the appendices: Ramdohr has undertaken a catalog of mineral 
localities with a list of major and uncommon minerals found at each. This table 
is useful in recording unusual minerals but is misleading in that for numerous 
districts even important minerals of the ores are not recorded. Of 939 localities or 
districts only 66 are recorded from the United States, and many of these are of 
trifling importance, and only 23 localities are recorded for Canada. The bibliog- 
raphy is very useful. In spite of new entries the total number has been reduced 
from 804 to 659. 

This book is now in a class by itself as a source of information for the metallic : 
minerals. No one concerned with the mineralogy of ore deposits can afford not 
to become well acquainted with it. 


Epwarp SAMPSON 
PRINCETON UNIVERSITY, 
Princeton, New JERSEY, 
Jan. 21, 1957 


1 Vol. 46, p. 785-786, 1951. 
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El Vanadio en el Peri. By Sirvio Hernanpez Aguiye. Mineria (Organo del 
Instituto de Ingenieros de Minas del Peru), Lime. Afio 2, No. 5, p. 19-30; 
No. 6, p. 31-49, 1954; Afio 4, No. 8, p. 21-22; No. 9, p. 23-29, 1955. 


Little new material descriptive of the world’s richest vanadium deposit, Minas- 
ragra in Peru, has appeared since Hewett’s excellent paper of 1909. From then 
until the recent period of inactivity, mining revealed much new information, par- 
ticularly in regard to the behavior of the orebody in depth. Therefore, a recent 
series of papers in Spanish published in a journal that has less wide distribution 
than it deserves seems worth a rather detailed resumé. 

The earlier papers of the series are concerned with the vanadium bearing 
asphaltite deposits that are so widely distributed through the Peruvian Andes. 
These deposits consist of fissures, or, in some cases, openings between beds, mostly 
of Lower Cretaceous limestone, filled with asphaltite whose content in V ranges 
from 0.3 to 1% or more in places. On burning, the V remains in the ash; in 
general the lower the percentage of ash the higher its V content which reaches 
54% in the richest sample cited. 

The Minasragra deposit although quite different from the asphaltites and much 
richer is linked to them by the common association of vanadium with carbonaceous 
material and by structural form. Contrary to some descriptions, it is fissure-like 
and transects the enclosing beds of red shale. The author distinguishes clearly 
between the primary deposit and the products of supergene alteration. 

The primary deposit has the form of a wedge or an inverted cone, elongated 
in plan, zoned in such a manner that the outer portion adjoining the walls is 
quisqueite, a lustrous hydrocarbon, within which is natural coke enveloping central 
shoots of patronite, a vanadium sulfide of doubtful composition. At the surface 
the cone was lenticular in plan, measuring 350 X 28 feet. Downward it diminished 


in size until at the 200 level the “coke” had entirely disappeared; the patronite- 
bearing area was much reduced in size and diluted by material called “veta madre” 
(to be described later). The quisqueite continued and in one place extended as a 
tail to 40 feet below the 300 level or a depth of 253 feet below the surface. 

This main body of ore and carbonaceous matter lies within an envelope of 


“bronce,” consisting of shale impregnated with vanadium sulphide and some quis- 


queite. The bronce grades outward from dark gray shale through gray to brown 
shale into the surrounding red shale of the country. At the surface it occupies 
an area 850 x 180 feet, diminishing at depth to a vertex at about 300 feet. 

The secondary mineralization results from weathering whereby vanadium sul- 
phide has behaved much as would copper sulphide except that the minerals 
reprecipitated at depth were vanadates and vanadium oxides instead of sulphides. 
With depth, gypsum, derived from reaction of sulphuric acid with calcareous rocks, 
increases in amount and the supergene vanadium minerals are species increasingly 
soluble in sulphuric acid. Successive depth-zones are described as follows: 


Upper 20 feet: Vanadates and oxides, red, blue, green and yellow but chiefly 
red and gray. Area 580 x 100 ft. 

Next 46 feet: Oxides and vanadates, chiefly green. 

Lower 167 feet: Oxides and vanadates dark green or gray. Gypsum is abund- 
ant. Maximum area 377 X 82 ft. 


The material of this deepest zone is what is called “veta madre.” 

In its palmy days, the orebody yielded many thousand tons of a shipping product 
grading better than 6% V and by 1934 after nearly a quarter of a century of 
operation the reserves were estimated by W. Spencer Hutchinson as containing 
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70 million pounds of vanadium. All that is left now of this fabulous deposit is a 
hole 850 X 380 feet in area and 210 feet deep with the remnant of a vein which, 
according to the author, does not exceed 10,000 tons of 1.75% V content. 

The July, 1955 installment of the paper contains half a dozen plans and sections 
of Minasragra drawn to scale. 

In discussing origin, the author visualizes the vanadium-bearing carbonaceous 
material as asphaltite intruded into the fissure in a molten condition. Although 
a porphyry dike strikes roughly at right angles to the deposit, he believes that it 
antedates the ore as (1) it is strongly altered, particularly where it is adjoined 
by ore, and (2) it has been displaced by faulting which does not disturb the ore- 
body. ‘Therefore, he dismisses the possibility that it has metamorphosed the ore- 
body or supplied any vanadium to it. He considers, however, that this or other 
intrusive material may have softened an original body of asphaltite and facilitated 
its emplacement in its present position. 

As a matter of fact, although there are a number of intrusive bodies in the 
neighborhood it seems improbable that the vanadium was derived from them, as 
the numerous hydrothermal silver-base metal deposits associated with similar in- 
trusives in the region are notably poor in vanadium minerals even in zones of 
oxidized lead ores. On the contrary, the association of vanadium with carbona- 
ceous material points to a source in common with the asphaltites and suggests that 
Minasragra is an oversized and modified asphaltite deposit. Driving off the 
volatiles, presumably by the heat of intrusives, would account for coking of the 
material and thus accomplish some concentration of vanadium. The segregation 
of patronite in the center of the body remains to be explained. 

Hucu McKinstry 

Harvarp UNIVERSITY, 

Jan. 18, 1957 


International Tin Study Group—The Statistical Year Book 1956. Pp. 284. 
The Hague, 1956. Price $5.60. 


The Year Book is divided into two parts: Part I concerns Tin and Tinplate, 
Part II deals with the canning industry and trade. The book contains all avail- 
able information for 110 countries, on the mine and smelter production, and trade 
of tin-in-concentrates, tin metal, tinplate, solder, and alloys. Most countries are 
also covered in the canning part. The book includes also six detailed sections on 
The Position of the International Tin Agreement, the World Tin Position 1946- 
55, the Assessment of Tin Consumption, the Recent Technical Developments in 
the Use of Tin (prepared by the Tin Research Institute), the World Tinplate In- 
dustry and the Canned Food Industry and Trade. As in the case of its pre- 
decessors, it is a very informative book. 


R. Join 
December, 1956 


Sedimentary Rocks. 2nd Edit. By F. J. Perrijonn. Pp. 718; pl. 40; figs. 173; 
tables 119. Harper & Brothers, New York, 1957. Price, $12.00. 


The first edition of “Sedimentary Rocks,” published eight years ago, received 
excellent notices and has since become recognized as a basic text throughout the 
English-speaking world. It remains the only major postwar text concerned pri- 
marily with the description of the mega- and microscopic features of sedimentary 
rocks. The present volume is some 30 per cent larger than the first edition and the 
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number of plates and line drawings have been proportionately increased. The con- 
tinued use of collotype plates for microphotographs, hand specimens, structural fea- 
tures and field exposures is fully justified by the excellence of the forty full-page 
plates used. 

The subject matter falls naturally into three sections. The first four chapters 
deal with the general aspects of sedimentary rocks—texture, composition and struc- 
tures. Grain size, shape, fabric and texture are all fully treated, with the accent 
on classification and statistical analysis. Chapter 3 describes the chemical and 
mineralogic composition of sediments, their detrital minerals and the chemical pre- 
cipitates. This is followed by a discussion of structures of primary, secondary and 
organic origin, ranging in scale from bedding down to micro-organic structures. 

The six chapters on the description of sedimentary rock types form the second 
and largest part of the book. After an introductory chapter on classification, the 
clastic rocks are described in turn, followed by the carbonate and non-clastic sedi- 
ments. The dual bases of grain size and chemical composition are combined to give 
a framework convenient for descriptive purposes and following current usage. 
Throughout these chapters description is backed by genetic considerations and con- 
troversial subjects are summarized fairly. The excellent microphotographs that 
illustrate this section are some of the clearest the writer has seen. 

The final chapters of the book deal with the more general and theoretical aspects 
of sediments. The two chapters on Provenance and Dispersal relate the features 
of sedimentary rocks to source, process and cycle. The significance of mineral 
stability, grain size and shape is especially discussed and there is a new section 
on the mapping and interpretation of vector properties of sediments. Chapter 13 is 
another new section describing the relation between environment of deposition and 
the characters of the sediment and then relates sedimentary facies to tectonic en- 
vironment. After a chapter on the processes of lithification and diagenesis, the 
book ends with “The Historical Geology of Sediments,” containing a discussion of 
the geochemical evolution of sediments and leading the reader quite logically into 
the subject of Historical Geology itself. 

Throughout its length the large scope of this book is apparent—description and 
genesis go hand in hand and each subject is exhaustively discussed with a minimum 
of dogma and a maximum of clarity. The abundance of tabulated data and the 
extensive bibliographies that follow each important section make this book not only 
an excellent text but a valuable reference. With this growth in size, Pettijohn’s 
“Sedimentary Rocks” moves from a bonk to a tome. Certainly there is no similar 
text in the English language that can match it for size, scope, and volume of 
contents. 

LaAuRENCE S. PHILLIPS 

YALE UNIVERSITY, 

New Haven, Conn., 
March 19, 1957 


BOOKS RECEIVED 
V. RAMA MURTHY 


The Limestones of Scotland. Chemical Analyses and Petrography. A. Muir, 
H. G. M. Haroie, R. L. Mircnect, and J. PHemister. Pp. 150, pls. 4. Price, 
£1 1s. Department of Scientific and Industrial Research, Geological Survey of 
Great Britain, Edinburgh, 1956. Compilation of chemical and spectrographic 
analyses of Scottish limestones with brief petrographic descriptions. 
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The First One Hundred and Fifty Years. A History of John Wiley and 
Sons, Inc. Pp. 242. Price, $7.50. A very well compiled history of John Wiley 
& Sons, Inc., outlining their publications in diverse fields in the past one hundred 
and fifty years. Each chapter is contributed by a noted man in the field. 


Radiation Safety and Major Activities in the Atomic Energy Programs, 
July-December 1956. Pp. 396. Price, $1.25. U. S. Government Printing Of- 
fice, Washington, 1957. 


Notes on Atomic Energy for Medical Officers. Orricers or THE Royat NAvAL 
MepicaL ScHooLt, ALVERSTOKE, HAMPSHIRE, ENGLAND. Pp. 169, pls. 12. Price, 
$4.75. Philosophical Library, Inc., New York, 1956. Written for the purpose 
of providing basic knowledge of short‘and long-term effects of atomic explosion 
and dangers from other kinds of radiological warfare. A good introduction to 
the subject. 


Minerals Yearbook Area Reports, Volume III, 1953. Fire_p Starr or Bureau 
oF Mines. Pp. 1169. Price, $4.00. U. S. Government Printing Office, Wash- 
ington, 1956. Mineral data for each of the 48 states and chapters on the Territory 
of Alaska, the Territory of Hawaii and island possessions in the Pacific Ocean, 
and the Commonwealth of Puerto Rico. 


Geochemical and Petrographic Aspects of Mercury Ore Deposits. Frank 
W. Dickson and Georce TuNELL. Pp. 79, pls. 4, figs. 23. Dept. of Geology, 
Univ. of California, Los Angeles, 1955. An exhaustive study of solubility varia- 
tion of HgS in alkaline solutions at several temperatures, and a study of the rela- 
tionship of mercury ore minerals to the gangue minerals associated with them, 
in order to determine the nature of ore-solutions and conditions of deposition. 


Report of the Committee on the Measurement of Geologic Time 1953-1954. 
Joun Putnam Marsie, CHAIRMAN. Pp. 193. Price, $1.75. National Academy 
of Sciences—National Research Council, Washington, 1955. 


Structural Geology Laboratory Manual. Joun C. LupLum and M. 
Dennison. Pp. 115, figs. 47. John C. Ludlum, Morgantown, West Virginia, 
1957. Class-room manual, written clearly, and includes exercises at the end of 
each chapter. Commendable emphasis seems given to mathematical analysis of 
structural data. 


Publicac6es do Mueeu e Laboratorio Mineraldgico e Geoldgico da Universi- 
dade de Coimbra e do Centro de Estudos Geoldgicos. No. 40. Memédrias e 
Noticias. Pp. 169, pls. 15, figs. 9, tbls. 57. Angola, 1956. 


Bull. 30. The Geology of the Superficial Deposits and Coastal Sediments of 
British Guiana. D. BLeackiey. Pp. 46, figs. 14. Price, $3.00. British Guiana 
Geological Survey, Georgetown, Demerara, 1956. 


Foraminifera from the Wagonwheel Formation Devils Den District, Cali- 
fornia. Hucu P. Smitru. Pp. 108, pls. 16. Price, $1.50. University of Cali- 
fornia Press, Berkeley and Los Angeles, 1956. 


Sixth Annual Report, 1955, National Advisory Committee on Research in the 
Geological Sciences. Pp. 57. Price, 50 cts. Geological Survey of Canada, 
Ottawa, 1956. Review of activities and progress made in the geological sciences 
in the year 1955-56. 


Quarterly of the Colorado School of Mines. Vol. 52, no. 1. Waxes and 
Wax-Like Materials. Grorce W. LeMarre. Pp. 72, figs. 32, tbls. 7. Price, 
$1.00. 
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Bulletin de la Commission Géologique de Finlande. No. 174. The Ahvenisto 
Massif in Finland. The Age of the Surrounding Gabbro-Anorthosite Com- 
plex and the Crystallization of Rapakivi. Antti Savo.anti. Pp. 104, figs. 
22, tbls. 11. Geologic map of the area. Helsinki, 1956. 

The Economic Geology of the Stirling and Clackmannan Coalfield Scotland 
Area North of the River Forth. E. H. Francis. Pp. 36, figs. 13, tbls. 2. 
Price, 5 sh. Geological Survey of Great Britain, London, 1956. 

Rept. of Investigations 199. Conodonts from the Chester Series in the Type 
Area of Southwestern Illinois. Cart B. Rexroap. Pp. 43, pls. 4, figs. 21, tbl. 1. 
Illinois Geological Survey, Urbana, 1957. 

Contribution 47. The Structural History of the Northern Part of Iwate 
Prefecture. Nosu Kitamura, Tamio Koraka, and SH6z6 Hayasaxka. Pp. 20, 
figs. 10. Institute of Geology and Paleontology Tohuku University, Sendai, Japan, 
1956. 

Official Oil in North Dakota. Production Statistics, Second Half 1956. Pp. 31. 
North Dakota Geological Survey, Grand Forks, 1957. 

Bull. 55. Geology of Tuscarawas County. Raymonp E. Lamsorn. Pp. 269. 
Maps. Price, $3.00. Division of Geological Survey, Ohio State University, Co- 
lumbus, 1956. A description of the physical Geology of Tuscarawas County; sur- 
face features and their history, bed rock, including limestone, sandstone, shale, and 
coal, and their economic importance; and oil and gas production and possibilities. 
Special Projects Series, Pub. 7. Geology and Coal Resources of the Argao- 
Dalaguete Region, Cebu. Hartey Barnes, Cresencio P. Joncco, Generoso C. 
LazaGa, and others. In two parts. Pp. 52, pls. 8, figs. 2, tbls. 5. Price, $3.00. 
Philippine Bureau of Mines, Manila, 1956. 


Annual Report of the Tanganyika Geological Survey Department 1955. Pp. 
28. Price, 3 sh. Dar es Salaam, 1956. 


Publication 5704. Pelecypoda from the Type Locality of the Stone City 
Beds (Middle Eocene) of Texas. H. B. Strenzer, E. K. Krause, and J. T. 
Twininc. Pp. 237, figs. 31, pls. 22. Price, $3.75. University of Texas Bureau 
of Economic Geology, Austin, 1957. 


Union of South Africa—Geological Map. Scale 1:1,000,000, 1955 (1957). 4 
sheets 28 X 38 inches, colored. 


Memoir 66. Cenozoic Foraminifera of Micronesia. SHosuirro HANZAWA. 
Pp. 163, pls. 41, figs. 12, tbls. 7. Geological Society of America, New York, 1957. 
Detailed study of the larger Foraminifera found in the Priabonian, Aquitanian, 
Burdigalian, Pliocene?, and Pleistocene sediments of Micronesia. 


The Working Index to Petroleum Publications. Vol. 1, no. 1. Curtis 
Stevens, Ed. Pp. 206. National Petroleum Bibliography, Amarillo, Texas, 1957. 
A comprehensive bi-monthly index of literature and data pertinent to all oil 
industry. 


Facultad de Ingenieria Y ciencias Exactas Fisicas y Naturales, Uni- 
versidad Nacional de Cuyo, San Juan, Republica Argentina, 1954. 
Acta Cuyana de Ingenieria. Vol. 1, No. 5. Propiedades Caracteristicas de los 
Filtros de un Algebra de Boole. ANtTon1o Monterro. Pp. 7. 


Acta Cuyana de Ingenieria. Vol. 1, No. 7. Formulas para las Areas y Vol- 
umenes Limitados por los Contornos y Superficies Cerradas. Sercio SIsPANov. 
Pp. 12. 
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Bureau of Mineral Resources, Geology and Geophysics—Australia, 
1955-1956. 


Rept. 17. Mount Philp Iron Deposit, Cloncurry District, Queensland. E. K. 
CarTER and J. H. Brooxs. Pp. 20, pls. 7. The deposit contains 4,100,000 long 
tons of exposed iron stone (36.6% Fe) and 105,000 tops per vertical foot of iron- 
stone (41.8% Fe) below outcrop level. Not commercial at present. 


Rept. 28. The Identification of the Boundary Between Coal Measures and 
Marine Beds, Singleton-Muswellbrook District, New South Wales. M. A. 
Reynotps. Pp. 35, figs. 2, tbls. 2. 


Quebec Department of Mines, 1956-1957. 


Geological Rept. 68. McGill Area, Papineau, LaBelle and Gatineau Coun- 
ties. E. Aubert pe LA Rie. Pp. 21, pls. 4. Map in pocket. The Mining In- 
dustry of the Province of Quebec in 1955. Pp. 131, pls. 4, tbls. 54. 


Idaho Bureau of Mines and Geology, Moscow, 1956-1957. 


Pamphlet 111. Economic Evaluation of Phosphate and Other Minerals in 
Southern Idaho. james F. McDivirr. Pp. 48, tbls. 6. 

Pamphlet 112. Geology and Mineral Resources of the Baker Quadrangle, 
Lemhi County, Idaho. Atrrep L. ANperson. Pp. 71, pls. 7, fig. 1. 


Indiana Department of Conservation, Bloomington, 1956. 


Rept. of Progress 10. Iron Deposits in Southwestern Indiana. Wayne M. 
Bunpy. Pp. 25, pls. 2, figs. 4. Price, 50 cts. Geothite is the major iron mineral. 
The iron deposits are considered to have precipitated in swamps and lagoons in 
early Pennsylvanian time. 


Directory 4. Directory of Crushed Limestone Producers in Indiana. Dun- 
cAN J. McGrecor. Pp. 56, pl. 1, figs. 3, tbls. 4. Price, 25 cts. 
Geological Survey of Japan—Hisamoto-cho, Kawasaki-shi, 1956. 


Explanatory Text of the Geological Map of Japan. Saruru (Kushiro-71). 
Sacuio and Mitsuo Hata, Pp. 34, figs. 2, tbl. 1. Geologic map, 1: 50,000. 


Explanatory Text of the Geological Map of Japan. Ominagahama (Kydto-6). 
Hrrosu1 Isomi. Pp. 57. Geologic map, 1: 50,000. 


Explanatory Text of the Geological Map of Japan. Karatsu (Fukuoka-59). 
Isamu Kopayasui, Isao Imat, and Kazunori Matsut. Pp. 69, figs. 16, tbls. 12. 
Geologic map, 1: 50,000. 


Rept. 169. Natural Gas Accumulation in Japan. Katsu Kaneko. Pp. 62, 
figs. 31, tbls. 16. 
Provincia de Mocambique Servicos de Industria e Geologia, 1956. 


Bol. 16. Ouro da Macanga (Distrito de Tete). Geologia e Metalogenia da 
Mancha Metamoérfica do Missale Jazigo do Chifumbazi e Jazigo do Muendi. 
IsMAEL Roso pE LUNA and FERNANDO Freitas. Pp. 26, pls. 18. 


Bol. 17. Algumas Amonites Aptianas de Chalala (Africa Oriental Portu- 
guesa). S. H. Haucnuton and J. C. Bosnorr. Pp. 24, pls. 2. 


Bol. 18. Esbéco Tecténico de Mocambique. M. Betrencourt Dias. Pp. 34. 
A structural map of Mocambique, 1: 3,000,000, with an explanation in English by 
the author. 
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U. S. Geological Survey—Washington, D. C., 1956-1957. 
Bull. 1019-D. Bibliography of Iron Ore Resources of the World (To Janu- 
ary 1955). Gwenpotyn W. Lutrretit. Pp. 187-371. Price, 65 cts. 
Bull. 1024-F. Tungsten Deposits of the Hyder District Alaska. F. M. Byers, 
Jr. and C. L. Sarnspury. Pp. 123-140, pls. 13-18, figs. 15, tbls. 3. Description 
of mining areas with brief geology. 
Bull. 1030-I. Reconnaissance Study of Uranium Deposits in the Red Desert 
Sweetwater County Wyoming. Donatp G. Wyant, N. Suarp, and 
Doucias M. SHERIDAN. Pp. 237-308, pls. 16-23, figs. 55-57, tbls. 1-12. 
Bull. 1021-K. Geology of the Atomic Energy Commission Nevada Proving 
Grounds Area, Nevada. Mixer S. JouNnson and Donatp E. Pp. 333- 
384; pls. 32-33; figs. 57. Price, $1.00. Stratigraphic and structural study of the 
area. 
Bull. 1030-K. Uranium Deposits in Oolitic Limestone Near Mayoworth, 
Johnson County, Wyoming. R. R. GuiLincer and P. K. THeropatp, Pp. 335- 
342, figs. 62-66. Price, 15 cts. Metatywyamunite occurs as coatings on joint 
surfaces and as replacement of oolites; the grade of ore is not of economic im- 
portance at present. 
Bull. 1035. Bibliography of North American Geology 1952 and 1953. RutH 
R. Kine, Vircin1a M. Jussen, JouN S. Pomeroy, and VsevoLop L. Suiitsky. Pp. 
714. Price, $2.00. 
Bull. 1036-J. Field Determination of Uranium in Natural Waters. F. N. 
Warp and A. P. Marranzino. Pp. 181-192, fig. 18, tbls., 1-6. Price, 15 cts. 
A simple and moderately accurate method for determination of Uranium in natural 
waters is described. 


Bull. 1042-D. Quicksilver Deposits Near Weiser, Washington County, Idaho. 


Ciype P. Ross. Pp. 79-104, pls. 4-8, figs. 7-9. Price, $1.25. Promising area 
for potential quicksilver deposits. Deposits of opalitic type occur in tertiary sedi- 
mentary rocks. 

Bull. 1042-F. Zoning of the Bitter Creek Vanadium-Uranium Deposit Near 
Uravan Colorado. ALiteN V. Hey. Pp. 187-201, figs. 28-31. Price, 15 cts. 
Bull. 1042-H. Preliminary Report on Oil-Shale Resources of Piceance Creek 
Basin Northwestern Colorado. JoHn R. Donnett. Pp. 255-271, pl. 14, fig. 
30, tbls. 1-4. Price, 45 cts. Potential oil-shale resources exist in the area. 

Prof. Paper 274-J. Fossils from the Eutaw Formation Chattahoochee River 
Region, Alabama-Georgia. Lioyp STEPHENSON. Pp. 227-250, pls. 
38-45, fig. 30. Price, 70 cts. 

Prof. Paper 280-A. Geology of Saipan Mariana Islands, Part 1. General 
Geology. Preston E. Croup, Jr., Ropert G. Scumipt, and Harotp W. Burke. 
Pp. 126, pls. 25, figs. 10, thls. 11. Price, $3.00. 

Water-Supply Paper 1360-E. Geology and Groundwater Resources of the 
Kaycee Irrigation Project Johnson County Wyoming. F. A. Konourt. Pp. 
321-374, pls. 22-23, figs. 46-54, tbls. 1-7. Chart in pocket. 

Water-Supply Paper 1412. Water Consumption by Water-Loving Plants in 
the Malad Valley Oneida County, Idaho. R. W. Mower and R. L. Nace. Pp. 
33, pls. 2, figs. 8, thls. 11. Price, 55 cts. 
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SCIENTIFIC NOTES AND NEWS 


R. C. Voruis, U. S. Geological Survey, has been assigned to Tripoli, Libya, 
following his evacuation in October from Cairo, Egypt. He will be engaged in 
ground-water studies sponsored by the International Cooperation Administration. 

JosepH L. GriLtson gave the 1957 Bownocker Lectures in the Department o{ 
Geology, Ohio State University, Columbus, on March 5 and 6. He presented two 
afternoon talks on “A Geologist Works with Industrial Minerals,” and an illus- 
trated evening lecture entitled “Foreign Exploration for the Wonder Metal, 
Titanium.” 

Freprick C. KruGer, formerly with Reynolds Metal Co., has been appointed 
chief geologist for International Minerals and Chemical Corporation, Chicago, 
and will be primarily responsible for geological appraisals and the evaluation of 
new mineral discoveries. 

Grorce W. Rust, formerly senior geologist with Bear Creek Mining Co., has 
joined the staff of the Pacific Coast Company as Director of Mining and Explora- 
tion, with headquarters at Room 1900, Russ Building, San Francisco, California. 
This old company with highly diversified interests, is broadening its scope of ac- 
tivities in the mining field. 

The names of the STANOLIND Ort AND Gas Co. and the STANOLIND Founpa- 
TION have been changed to the PAN AMERICAN PETROLEUM CoRPORATION and the 
Pan AMERICAN PETROLEUM FouNDATION, INC. 

When authors submit papers describing investigations in which X-ray powder 
measurements were made, but omitting the actual X-ray data, it is requested that 
these data be submitted to G. W. Brindley, Editor of the Joint Committee on 
Chemical Analysis by Powder Diffraction Methods for possible inclusion in the 
“X-ray Powder Data Field,” published by the A.S.T.M. The data should contain 
accurate listings of “d” values and “intensities of reflections,” hkl indices and 
lattice parameters if known, radiation used, type of X-ray recording employed, 
method of estimating intensities (visual, photometric, geiger-counter), plus other 
relevant information. The Pennsylvania State University, University Park, Penn- 
sylvania, U.S.A. 

The New Mexico Geotocicat Society will hold its Eighth Annual Field 
Conference in the Durango-Silverton-Ouray area of southwestern Colorado, Sep- 
tember 5, 6, and 7, 1957. 

The NATIONAL ScIENCE FouNnpDATION announced today that the Corps of Engi- 
neers, U. S. Army, has undertaken acquisition of the site for the Foundation- 
supported radio astronomy observatory at Green Bank, West Virginia. The 
Engineers, acting on behalf of the Foundation, have established a field office for 
this purpose at Marlinton, West Virginia. The new research center for radio 
astronomy will be constructed and operated for the use of the Nation’s scientists 
by Associated Universities, Inc., under contract to the Foundation. 

McGitt University, Department of Geological Sciences, is offering a new 
two-year sequence of courses leading to a degree of Master of Science in Mineral 
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Exploration. The new degree is designed to provide advanced professional training 
in geology, mining, metallurgy, physics, and chemistry for students entering the 
mineral exploration field. The new technical methods of exploration that have 
recently been developed require more basic training than can be given in under- 
graduate work. The course may be entered with the Bachelor’s degree in Mining 
Engineering or the B.Sc. degree with Honors in Geology. Students who complete 
the M.Sc. (Applied) sequence with high standing may continue towards the normal 
Ph.D. (Geology) degree. 

E. A. SwepENBORG, retired from the U. S. Geological Survey in December after 
30 years, has been appointed Wyoming State Minerals Supervisor, succeeding 
GrorG Jarvis who resigned February 1. 

Frank P. Knicut has been named director of the Arizona Department of 
Mineral Resources. 

Vincent D. Perry, chief geologist for Anaconda Company since 1948, has been 
elected a vice-president of the company. 

C. A. LEHNERTZ, staff geologist with Doeringsfled, Amuedo & Ivey, of Denver, 
is on a six-month assignment to Jamaica where he is working on a photogeological 
survey of the island. 


Donatp W. LinpcrEN has been named chief mining geologist for the Northern 
Pacific Railway Co., with headquarters at St. Paul, Minn., where he will supervise 
a staff of mining geologists engaged in the exploration and development of the 
mineral resources of the company’s large land holdings, exclusive of oil and gas. 


EuGENE CALLAGHAN, director of the New Mexico Bureau of Mines and Min- 
eral Resources for the past 714 years, has been appointed chief geologist in charge 
of exploration for Haile Mines, Inc., with field headquarters in Salt Lake City. 

Atvin J. THompson will succeed Eugene Callaghan who resigned as director 
of the New Mexico Bureau of Mines and Mineral Resources. Mr. Thompson was 
formerly head of the mining department of the bureau. 
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Patrons of this journal are requested to refer to Eco- 


NOMIC GEOLOGY AND THE BULLETIN OF THE SOCIETY 


oF Economic GEOLOGISTs when consulting advertisers. 


PLEASE TAKE NOTICE 


For “BOOKS IN GEOLOGICAL SCIENCES’—a list of current 
and standard books on geology and related fields—available for 
purchase thru Economic Geology Business Office, 105 Natural 
Resources Bldg., Urbana, Illinois, see back pages of the No. 1, or 
February, 1957 issue. 


MANUAL ON GEOPHYSICAL PROSPECTING WITH 
THE MAGNETOMETER 


By J. WaALLAcE Joyce 


Originally published by Bureau of Mines, U. S. Dept. of the Interior and out of print 
for years. Now offset reproduced by permission from an original copy. 


$6.00 postpaid 
HOBART PUBLISHING COMPANY, P. O. Box 4127, Washington 15, D.C. 
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TECHNIQUES of evaluation 
have kept pace with technology 


The broad background of the staff members of GMX Corporation in the 
fields of mining and petroleum exploration means that they can bring 
the most modern techniques in evaluation to their consulting work with 
you. GMX Corporation is ready to assist you as consultants in the exploration 
and development of minerals anywhere in the world. You will find their 
experience to be of benefit to you in any form of mineral exploration. 


D. S. Robertson, president * L. L. Nettleton, vice president 
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for precision microscopy with polarized light 


Seite | POLARIZING microscopes 


In such fields as geology, mineralogy, 
petrography, coal research, plastics, bi- 
ology, chemistry and biochemistry, there 
is a Leitz POLARIZING Microscope de- 
signed to meet every requirement. No 
other manufacturer offers such a wide 
variety of polarizing microscopes and 
accessories, built to the highest stand- 
ards of quality and design. 


Leitz polarizing 
microscope, Model AM 


e@ Rotating anastigmatic tube analyzer 
for improved image quality and freedom 
from eyestrain. 

e@ Polarizing tube accommodates large 
field-of-view eyepieces. 

e@ Bertrand auxiliary lens with iris dia- 
phragm can be raised and lowered. 

e@ Rapid clutch changer and centering 
device for permanent centering of ob- 
jectives. 

e Large substage illuminating 
apparatus with two-diaphragm 
condenser and polarizer, either 

calcite or filter. 

@ Rotating object stage on ball 
bearings, with vernier reading to “eth? 
e Rack and pinion motion for raising and e 
lowering stage, to accommodate large 
opaque specimens. 

e Polarizing vertical illuminator easily 
attachable. 


&. LEITZ, INC., Dept. G-5 
468 Fourth Ave., New York 16,N.Y. 


Please send brochure on Leitz POLARIZING 
Microscopes. 


Nome. 


Street 


City. Zone Stote 


E. LEITZ, INC., 468 FOURTH AVENUE, NEW YORK 16, N. Y. 
Distributors of the world-famous products of Ernst Leitz, Wetziar, Germany 
LENSES CAMERAS MICROSCOPES BINOCULARS (44 
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PRANTL World-wide Recognition 


has been accorded the Frantz ISODYNAMIC 
Magnetic Separator as an essential and highly 
efficient tool of the mineral investigator. 


University of British Columbia 

Université Libre of Brussels 

The University, St. Andrews, Scotland 
University of Philippines 

Kyushu University 

Harvard University 

Massachusetts Inst. of Technology 

Princeton University 

Statens Rastofflaboratorium, Norway 

Atomic Energy Research Est., England 

New Zealand Govt. Scientific and Ind. Research 
Inst. de Recherche de la Sidérurgie, France 
Laboratorium voor Mineralscheiding, Holland 
Junta De Energia Nuclear, Spain 

Battelle Memorial Institute, U. S. A. 

U. S. Atomic Energy Commission 

Union Miniére du Haut Katanga, Belgian Congo 
Amalgamated Tin Mines of Nigeria, Ltd. 
Consolidated Zinc Prop., Ltd., Australia 
Mitsui Mining & Smelting Co., Japan 

Oliver Iron Mining Co., U. S. A. 

Shell Oil Company, U. S. A. 

American Smelting & Refining Co., U. S. A. 


Because of its sensitivity and selectivity, the ISODY- 


NAMIC Separator makes delicate separations of a large 
number of minerals—even those not usually thought of 
as magnetic. 


The ISODYNAMIC Separator 
is usually used with inclined 
chute (at right) for separating 
fine powders at slow feed rates. 
With vertical feed attachments 
(above) it may be used for 
more rapid separation of sands. 
For complete information, send 
for Bulletin 132-I. 


Valuable suggestions on its use are 
contained in a new paper, “Notes on 
Operation of Frantz ISODYNAMIC 
Magnetic Separators” by Prof. H. H. 
Hess of Princeton University. Write 
for a copy. 


S. G. FRANTZ Co., Inc. ... Engineers 


P.O. Box 1138 Cable Address: 
Trenton 6, New Jersey, U.S.A. MAGSEP, Trentonnewjersey 
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ANNOTATED BIBLIOGRAPHIES OF ECONOMIC GEOLOGY 


Available—Vols. I-X XVIII (1928-1955). 
Vol. X XIX (1956) current volume for 1957. 


Price $5.00 per volume anywhere in the world thru Volume 27. 
Effective Volume 28—price change to $6 per volume. 


General Index, Vols. I-XXV, in preparation. 
Order now from 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illinois 


ECONOMIC GEOLOGY JOURNAL INDEX to Vols. XXXI-XL 
(1936-1945) —published September, 1947 


Price $2.00 
Also available Index to Vols. I-XX (1906-1926) —$3.00 
Index to Vols. XXI-XXX (1927-1935)— 2.00 
Index to Vols. XLI-L in press 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illineis 


FOR SALE 
BACK VOLUMES OF ECONOMIC GEOLOGY 


From Stock: 
Complete Volumes: 3, 6, 7, 8, 9, 10, 11, 15, 22, 25 
@ $15 per volume 
Complete Volumes: 26, 27, 28, 29, 30, 31, 32, 33, 
35, 36, 37, 38, 39, 40, 41, 43, 
44, 45, 46, 47, 49, 50 @ $12 per volume 
Incomplete Volumes but from which certain issues are still available 
(some of them almost complete) : 
1, 2, 4, 5, 12, 13, 14, 16, 17, 18, 
19, 21, 23, 24, 34, 48 @ $2.25 per issue 
Also shelf worn copies of scattered numbers thruout 
the series @ 75¢ per copy 


Inquire: 
Economic Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 
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Economic Geology issues devoted to articles on 
uranium or containing an article thereon: 


Vor. 51, No. 1—Rocer Y. Anperson and Epwin B. Kurtz, Jr.: A Method for the De- 
termination of Alpha-Radioactivity in Plants as a Tool for Uranium Prospecting 


Vor. 51, No. 2—Pavut B. Barton, Ja.: Fixation of Uranium in the Oxidized Base Metal 
Ores of the Goodsprings District, Clark Co., Nevada 


Vor. 51, No. 3—Grorce W. Warker and Frank W. Osterwatp: Uraniferous Magnetite- 
Hematite Deposit at the Prince Mine, Lincoln County, New Mexico 


Vor. 51, No. 4—J. Rape: Notes on the Geotectonics and Uranium Mineralization in 
the Northern Part of the Northern Territory, Australia 


Vor. 51, No. 4—Grorce E. Bocrart: Uranium Deposits of the Northern Part of the 
Boulder Batholith, Montana 


Vor. 51, No. 6—Joun W. Gruner: Concentration of Uranium in Sediments by Mul- 
tiple Migration-Accretion 


Vor. 51, No. 6—R. S. Matueson and R. A. Seart: Mary Kathleen Uranium Deposit, 
Mount Isa-Cloncurry District, Queensland, Australia 


Vor. 51, No. 7—Evcene B. Gross: Mineralogy and Paragenesis of the Uranium Ore, 
Mi Vida Mine, San Juan County, Utah 


Vor. 50, No. 2—Uranium issues (12 articles on uranium) 


Vor. 46, No. 4—Wru1am L. Russect and S. A. ScHerBATskoy: The Use of Sensitive Gamma 
Ray Detectors in Prospecting 


Economic Geology Publishing Company 
105 Natural Resources Bldg. 
Urbana, Illinois 


INTERNATIONAL UNION OF GEODESY AND GEOPHYSICS 


BULLETIN GEODESIQUE 


Quarterly Journal published by the Central Office of the 
International Association of Geodesy, 
19, rue Auber, Paris, FRANCE 


The scientific articles appearing in the BULLETIN GEODESIQUE 
are prepared by the foremost geodesists and geophysicists in the 
world and yh j with the following subjects: Mathematical geodesy 
(instruments, observations, calculation and adjustment of wiengelatiens. 
Astronomical determination x geographic positions, Dynamical geodesy 
(gravimetry, figure of the Earth, earth tides, isostasy, etc.) Leveling. 
It contains also a section of book notices. 


Application for subscription to be addressed to: International Association of Geodesy, 
19, rue Auber, PARIS, 9e. Annual subscription: $2.65 (payable by check drawn 
to the order of the International Association of Geodesy, the remittance to be sent 
to the International Association of Geodesy, care American Geophysical Union, 
1530 P Street N.W. WASHINGTON 5, D.C.) or 13 shillings ov by a deposit 
in sterling to the credit of the “Association Internationa Géodésie” at the 
National Provincial Bank, Avenue Branch, SOUTHAMPTON, England.) 
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ADVERTISEMENTS 


COMPREHENSIVE INDEX 


OF THE PUBLICATIONS OF THE AMERICAN ASSOCIATION OF 
PETROLEUM GEOLOGISTS, 1917-1945 


By DAISY WINIFRED HEATH 
603 PAGES. PRICE $4.00 (TO MEMBERS, $3.00) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
Box 979, Tulsa 1, Oklahoma 


LABORATORY FOR ROCK ANALYSIS 


Chemical analyses of rocks and minerals made with accura 
required for research. Commercial work cannot be accepted. 
SAMUEL S. GOLDICH, in charge 
Department ef Geology and Mineralogy, University of Minnesota, Minneapolis 14, Minnesota 


THIN 
SECTIONS 
sberts > » » 


PETROGRAPHIC SECTION SERVICE 
SECTIOJNS 26364 W. MAIN ST., ALHAMBRA, CALIFORNIA 


= BRIDGEPORT, CONN. 
POUGHKEEPSIE, NY. 


if 
| 
= VI NG 
= =Z 
| = 
ey 
PHOTO ENGRAVERS )COMMERCIAL ARTISTS 
4 HAVEN, CONN ES 
= 
4 | 


ECONOMIC GEOLOGY 


GEOPHYSICAL CASE HISTORIES, VOLUME I, 1948 
(Second printing, 1949) 
Edited by L. L. Nettleton, Past President 


A collection of 60 papers by 61 authors on geophysical observations made under a wide 
variety of field circumstances. This is the first volume of a series designed to provide 
material by which geophysical surveys can be judged from later development and thus 
aid in the interpretation and evaluation of other geophysical work. 


680 pages 7x 10 Fully illustrated Cloth bound 


COMPLETE TITLE INDEX CROSS-REFERENCED TO 
CLASSIFIED INDEX OF ALL MAPS AND FIGURES 


PRICE $7.00 POSTPAID IN U.S.A. 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
624 SOUTH CHEYENNE TULSA, OKLAHOMA 


An A.A.P.G. Book! 


POSSIBLE FUTURE 
PETROLEUM PROVINCES 
OF NORTH AMERICA 


UP-TO-DATE PICTURE OF UNDISCOVERED RESOURCES, SYMPOSIUM 
REPRESENTING THE WORK OF 17 GEOLOGICAL SOCIETIES, 13 FEDERAL, 
STATE, AND PROVINCIAL GEOLOGICAL SURVEYS, OR ANALOGOUS OR- 
GANIZATIONS, REPRESENTATIVES OF 33 OR MORE OIL COMPANIES AND 
8 UNIVERSITIES, AND 24 CONSULTING GEOLOGISTS. 


e First published in A.A.P.G. Bulletin, February, 1951 
© Complete symposium, 6 x 9 inches, bound in cloth 
© 360 pages, 153 line drawings 
PRICE: $4.00 POSTPAID 
(Member price, $2.50) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA I, OKLAHOMA, U.S.A. 
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ADVERTISEMENTS 


ORDER NOW! 


ECONOMIC GEOLOGY JOURNAL 
INDEX TO VOLS. XLI-L 
(1946 - 1955) 


Price $3.00 


To be released 1957 Summer 


ORDER FORM 


To: Economic Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 


Please enter my order for copies @ $3.00 each 
Payment enclosed 


Please bill me 


Send copy to: ......... 
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ECONOMIC GEOLOGY 


A GLOSSARY OF GEOLOGY 
AND 
RELATED SCIENCES 


published by the 
AMERICAN GEOLOGICAL INSTITUTE 


A cooperative project of the AGI and its member so- 
cieties, with more than 90 specialists contributing to its 
compilation. J. V. HOWELL, CHAIRMAN, AGI Glossary 
Project. 


Contains nearly 14,000 terms used in theoretical and 
applied geology and geophysics. 


® cloth bound 
@ about 350 pages 


7 x 10 inches 


@ 25 fields covered... 


COAL GEOLOGY MINERALOGY 
ENGINEERING GEOLOGY NUCLEAR GEOLOGY 
GEOCHEMISTRY ORE DEPOSITS 
GEOMORPHOLOGY 
GEOPHYSICS 

GLACIAL GEOLOGY PETROLEUM GEOLOGY 
GLACIOLOGY 
HYDROLOGY SEDIMENTOLOGY 


SEISMOLOGY 
INVERTEBRATE PALEONTOLOGY SPELEOLOGY 


(except morphologic terms) STRATIGRAPHY 
MARINE GEOLOGY (except stratigraphic names) 
METEOROLOGY STRUCTURE 
MILITARY GEOLOGY SURVEYING & MAPPING 


PRICE $6.00 U. S. postpaid 


PAYMENT MUST ACCOMPANY ORDER 


Order from 


AMERICAN GEOLOGICAL INSTITUTE 
2101 Constitution Avenue, N.W., 
Washington 25, D. C. 
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